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' alumina basalt is intermediate between the tholeiite and alkali basalt. Thus the high-alumina 
"basalt is transitional between the other two basalt types. The high-alumina basalt occurs in a 
" zone extending between the tholeliite provinces and alkali province of the Japanese islands. 
| There is a complete gradation from the tholeiite provinces, passing through the high- 
| alumina basalt zone, to the alkali province. The high-alumina basalt is not a derivative of the 
_ tholeiite magma or of the alkali olivine basalt magma, but represents a primary magma. It is 
suggested that the high-alumina basalt magma is produced by partial melting of the mantle 
peridotite at depths intermediate between those of the tholeiite and alkali olivine basalt 
magma production, say at about 200 km. The high-alumina basalt is common in other orogenic 
belts of the world, but is absent from the oceanic regions. It is rarely present in non-orogenic 
continental regions such as Manchuria and Skaergaard, Greenland. The fractionation trend 
of the high-alumina basalt magma is generally similar to that of the tholeiite magma, although 
higher concentration of alkalis in the middle stage may take place. From distribution of 
granitic xenoliths in volcanic rocks it is concluded that the limit of the sialic crust or ‘an- 
desite line’ passes a little to the south-east of the Pacific coast of Honsyi and not along the 
east of the Izu Islands as previously considered. 


INTRODUCTION 

IN my previous paper (Kuno, 1959) I distinguished two primary petrographic 
provinces in Japan and surrounding areas: the tholeiite provinces lying on the 
Pacific side of the Japanese islands and including the Izu Islands, and the alkali 
province lying on the continental side and extending to Korea, Manchuria, and 
Sakhalin with a narrow offshoot traversing central Honsyi toward the western 
side of the Izu Islands. The calc—alkali province is superposed on these primary 
provinces, covering a greater part of the Japanese islands exclusive of most of the 
Izu Islands (Fig. 1). 

The boundary between the two primary provinces was located from the dis- 
tribution of rocks which were then considered as typical of tholeiite and alkali 
basalt. Although the existence of basalt having transitional mineralogy and 
chemistry had been also recognized, it was mostly disregarded in locating the 
boundary. Recently the nature of this transitional type of basalt and its dis- 
tribution in the Japanese islands and also in other regions of the world have 
been studied. The result is presented in this paper and its genetical relation with 
Other basalt types is discussed. 
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ABSTRACT 


Aphyric basalts of central Honsyi and the Izu Islands, Japan, are classified into three types: 
tholeiite with low Al,O, and alkalis, alkali basalt with variable Al,O, and higher alkalis, and 
high-alumina basalt with higher Al,O, and intermediate alkalis. The tholeliite invariably 

yields normative quartz whereas the high-alumina basalt may yield a little normative quartz 
} or normative olivine. The alkali basalt is undersaturated with SiO,. Mineralogically, the high- 
alumina basalt is intermediate between the tholeiite and alkali basalt. Thus the high-alumina 


_ basalt is transitional between the other two basalt types. The high-alumina basalt occurs in a 
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higher concentration of alkalis in the middle stage may take place. From distribution of 
granitic xenoliths in volcanic rocks it is concluded that the limit of the sialic crust or ‘an- 
desite line’ passes a little to the south-east of the Pacific coast of Honsyi and not along the 
east of the Izu Islands as previously considered. 


INTRODUCTION 

IN my previous paper (Kuno, 1959) I distinguished two primary petrographic 
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Pacific side of the Japanese islands and including the Izu Islands, and the alkali 
province lying on the continental side and extending to Korea, Manchuria, and 
Sakhalin with a narrow offshoot traversing central Honsyi toward the western 
side of the Izu Islands. The calc-alkali province is superposed on these primary 
provinces, covering a greater part of the Japanese islands exclusive of most of the 
Izu Islands (Fig. 1). 

The boundary between the two primary provinces was located from the dis- 
tribution of rocks which were then considered as typical of tholeiite and alkali 
basalt. Although the existence of basalt having transitional mineralogy and 
chemistry had been also recognized, it was mostly disregarded in locating the 
boundary. Recently the nature of this transitional type of basalt and its dis- 
tribution in the Japanese islands and also in other regions of the world have 
been studied. The result is presented in this paper and its genetical relation with 
other basalt types is discussed. 
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Fic. 1. Configuration of the petrographic provinces in Japan. Vertically striated area: tholeiite pro- 
vince. Horizontally striated area: alkali province. This province also extends to Korea and Man- 
churia. Dotted area: calc-alkali province. (Reproduced from Kuno, 1959, Fig. 8.) 


The transitional basalt is characterized by a higher content of Al,O, (generally 
higher than 17 per cent and rarely as low as 16 per cent) than that of the tholeiite 
with the corresponding SiO, and total alkalis, and by lower alkali content than 
that of the alkali basalt, provided only aphyric rocks are compared. For this 
reason it is called the high-alumina basalt. Tholeiite containing abundant 
plagioclase phenocrysts is also rich in Al,O, in bulk composition, but such 
rocks are not included here in the high-alumina basalt. Existence of aphyric 
basalt rich in calcic plagioclase and having the high-alumina basalt composition 
was first noticed by Powers (1932). 

The three types of basalt can be distinguished from one another by plotting 
their analyses in a series of diagrams showing the relation between AI,O,, 
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Na,O+K,0, and SiO,, although the distinction is merely arbitrary because 
the three types are completely gradational. According to these diagrams, some 
rocks previously classified as tholeiite or alkali basalt belong to high-alumina 


basalt. 
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Fic. 2. Distribution of volcanoes in the Huzi Volcanic Zone, central Japan. Solid 
circles: volcanoes of tholeiite. Open circles: volcanoes of high-alumina basalt. 
Half-solid circles: volcanoes where no rock analyses are available. AB: limit of the 
tholeiite province. CD: limit of the sialic crust or ‘andesite line’. M: localities of 
Miocene high-alumina basalt and alkali basalt and alkali dolerite, west and 


south-west of Huzi. 


THREE BASALT TYPES IN CENTRAL HONSYU AND THE IZU ISLANDS 

Many volcanoes are arranged in a narrow zone traversing central Honsyi 
and extending from Izu Peninsula to the Izu—Mariana island arc (Fig. 2). It 
is called the Huzi (Fuji) Volcanic Zone. 

Basalt of such volcanoes as Hakone, Taga, O-sima, and Hatizy6-zima, which 
are shown by solid circles in Fig. 2, and also of Pliocene formations underlying 
these volcanoes is typical tholeiite comparable to Deccan basalt. It is associated 
with andesite and dacite which are fractionation products of the tholeiite magma 


(the pigeonitic rock series; Kuno, 1950, 1959). On the other hand, basalt of the 
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volcanoes lying just to the west of the tholeiite volcanoes (Huzi, Omuro-yama, 
Amagi, Nii-zima, and K6zu-sima; open circles in Fig. 2) is high-alumina basalt. 
It is associated with andesite, dacite, and rhyolite which were formed probably 
through fractional crystallization of the high-alumina basalt magma con- 
taminated by granitic rocks. In the last-named two volcanoes, the basalt is 
found only as inclusions in rhyolite lava and as ejecta. 

The basement of the volcanoes in the Izu Peninsula consists of an Older 
Miocene volcanic complex in which tholeiite is predominant. This complex also 
constitutes the mountains extending from the north to the south-west of Huzi, 
where high-alumina basalt is common. In a few localities in these mountains, 
sheets of alkali dolerite and flows of alkali basalt occur as members of the 
complex. 

In the Sidara Basin lying about 100 km west of Huzi (Fig. 2), high-alumina 
basalt, previously classified as tholeiite (Kuno, 1959), and alkali basalt, includ- 
ing olivine basalt and mugearite, are present in nearly equal proportion among 
the Middle or Younger Miocene volcanic rocks. The high-alumina basalt forms 
a dike swarm and many isolated patches of lava within a narrow belt trending 
from north to south. It is associated with pyroxene andesite also rich in Al,O,. 
The alkali basalt forms a sheet swarm in another belt trending from east-north- 
east to west-south-west. Some of the sheets have many schlieren of alkali 
dolerite pegmatite and trachyte formed by fractionation of the magma in place. 

In the Kiso district, lying about 100 km west-north-west of Huzi (Fig. 2), 
there are small Pleistocene lava plateaux of alkali olivine basalt and high-alumina 
basalt (Sameshima, 1958; Kuno, 1959). 

Thus, as we go from the Izu Islands toward the western to north-western 
portion of central Honsyi, we pass from the area of tholeiite to that of high- 
alumina basalt and finally to that of alkali basalt associated with high-alumina 
basalt. To the west and north-west of central Honsyi there is a vast area where 
various alkali volcanic rocks were erupted during the period from Oligocene to 
Recent (the Circum—Japan Sea Province of Tomita, 1935). It covers western 
Honsyi, northern Kyiisyi, Korea, Manchuria, western Hokkaid6, and Sakhalin. 


Chemistry 


In Table 1, analyses of aphyric rocks from central Honsyi and the Izu Islands 
representative of the three basalt types are listed. 

If rocks with similar SiO, per cent are compared, the high-alumina basalt has 
a total alkali content higher than that of the tholeiite and lower than that of the 
alkali basalt, and CaO is lower and TiO, is higher in the high-alumina basalt 
than in the tholeiite. The amount of normative quartz is generally low in the 
high-alumina basalt and even normative olivine may be present, whereas norma- 
tive quartz is present in all of the aphyric tholeiite from Izu and Hakone. The ratio 
Na,O/K,O in the high-alumina basalt is lower than that in the tholeiite, but is 
higher than that in the alkali basalt. 
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Thus, except for the high Al,O, content, the high-alumina basalt is chemically 
intermediate between the tholeiite and the alkali basalt, being completely 
gradational to the other two. This is demonstrated by plotting wt. per cent of 
Al,O, against Na,O+K,0O in a series of diagrams for groups of rocks falling 


TABLE 1 


Compositions of aphyric tholeiite, high-alumina basalt, and alkali basalt 

















Tholeiite High-alumina basalt Alkali basalt 
1 2 3 4 5 6 7 8 9 10 

SiO, 48:16 51-25 54-67 | 49-51 50:99 51:09 53-32 47-95 49-16 53-99 
Al,O; 16°50 14-73 14-47 | 18-19 17-14 17-62 18-65 16-46 16-09 16-11 
Fe,0; 3-39 3-82 1-86 2-89 4-53 2-64 1-10 4-40 2:89 3-78 
FeO 8-68 10-22 12-30 7-66 8-06 8-42 7-47 5-86 10-42 7:29 
MgO 8-27 5-47 3-03 7-07 5-11 5-09 4:33 8-99 401 2-70 
CaO 12-51 11-73 8-03 9-83 9-78 9-68 7-78 10-46 9-37 6:07 
Na,O 1-37 1-85 2:59 2:49 2:32 2-80 3-96 2°72 3-32 4-69 
K,O 0-14 0-26 0-50 0-48 0-46 0-76 0-70 1-09 1-26 1-54 
H,O+ 0-26 0-11 0-45 0-45 0-64 0-28 0-95 0-37 0-52 0-74 
H,O- 0-31 0-02 0-09 0-27 0-17 0-06 0-18 0-28 0-42 0-77 
TiO, 0-52 0-81 1-64 0-64 1-06 1-38 1-60 1-09 2-04 1-48 
P.O; 0-15 0-13 0-16 0-17 0-17 0-26 0-29 0-41 0-69 0-87 
MnO 0-13 0-28 0-32 0-28 0-23 0-21 0-14 0-21 0-20 0-23 
SrO 0-20 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Total | 100-59 100-84* 100-11 | 99-93 100-66 100-29 100-47 | 100-29 100-45+ 100-26 

Norm 

Qu 0-06 5-34 10°51 — 6:07 2:04 1-86 — — 3-66 
Ol — — — 1:77 — — — 12°81 5-16 


































* Including (Ce, Y),0;, ZrO,, BaO, S. + Including (Ce, Y),O;, ZrO,, BaO. 


. Augite-bearing olivine basalt. East of Tanna Basin, Izu Peninsula. Analyst, Tiba (Nagashima, 
1953). 

. Aphyric basalt. Okata, O-sima. Analyst, Iwasaki (Iwasaki, 1935). 

. Aphyric basalt. Nisi-yama, Hatizyé-zima. Analyst, Tanaka (Tsuya, 1937). 

. Olivine basalt. Maruno-yama lava, Amagi. Analyst, Tanaka (Tsuya, 1937). 

. Olivine basalt. An ejected block in a basalt-lapilli bed at Wakag6, Nii-zima. Analyst, Katsura. 

. Augite-bearing olivine basalt. Scoriaceous lava block of a.p. 1707 eruption, Huzi. Analyst, Tanaka 
(Tsuya, 1937). 

. Augite-olivine andesite. Orimoto-tége, Sidara Basin. Analysts, Katsura and Haramura. 

. Olivine basalt. A lava plateau west of Agematu, Kiso district. Analyst, Haramura (Kuno, 1959). 

. Olivine basalt. North-east of Tamaributi, Sidera Basin. Analyst, Nagashima (Nagashima, 1953). 

. Mugearite. Oidaira, Sidara Basin. Analyst, Haramura. 
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k within the SiO, range 45-0-47-5, 47-51-50-0, 50-01-52-5, and 52-51-55-0, re- 
spectively. 

The Japanese tholeiite and high-alumina basalt have SiO, higher than 45 per 
cent, and therefore the alkali basalt with SiO, lower than this value is not con- 
sidered in the present study. The tholeiite with SiO, lower than 45 per cent is 
present in other regions of the world, but such rocks appear to have been 
formed by accumulation of mafic phenocrysts. Most of the rocks, whether 
tholeiitic or alkalic, with solidification index MgO x 100/Fe,O,+ FeO+-MgO-+ 
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Na,O+K,O (Kuno, Yamasaki, Iida, & Nagashima, 1957) higher than 45, also 
appear to be an accumulative type. Accordingly these rocks are disregarded. 

In Fig. 3 analyses of the aphyric or nearly aphyric tholeiite from the volcanoes 
shown by solid circles in Fig. 2 and from the Pliocene and Miocene formations 
underlying these volcanoes are plotted with small open circles. Analyses of the 
aphyric high-alumina basalt from the volcanoes lying to the west of the tholeiite 
volcanoes (Huzi, Amagi, Omuro-yama, Nii-zima, and K6zu-sima; open circles 


TABLE 2 
Essential minerals of the three basalt types 











Tholeiite High-alumina basalt Alkali olivine basalt 
2 | Anorthite to bytownite Bytownite Labradorite to andesine 
= Olivine Olivine (with picotite inclu- | Olivine (with picotite inclu- 
S | Augite sions) sions) 
$ Orthopyroxene Augite Augite; titanaugite 
x Orthopyroxene 
. | Bytownite to labradorite Labradorite Andesine 
3 Augite; pigeonite Augite; rarely pigeonite Augite; titanaugite 
3 Olivine (rare) with reaction rim | Olivine with or without reac- | Olivine without reaction rim 
= | Silica minerals tion rim Alkali feldspar 
£ Silica minerals and/or alkali 
- feldspar 














in Fig. 2) and from the Sidara Basin are plotted with large open circles. Solid 
circles in Fig. 3 represent analyses of alkali basalt (alkali olivine basalt, trachy- 
basalt, trachyandesite, mugearite, and basanite) and alkali dolerite from Sidara, 
Agematu in the Kiso district, Syddo-sima west of Osaka, western Honsyi, 
northern Kyiisyi, Korea, Manchuria, Atumi in northern Honsyi, the Osima- 
Osima and Risiri volcanoes west of Hokkaidé, and Sakhalin. 

Within each SiO, range the points for each type of basalt lie in a definite 
field; only a few points for the high-alumina basalt lie within the alkali basalt 
field. In central Honsyi and the Izu Islands, basalt with alkali content com- 
parable to that of the high-alumina basalt, but with lower Al,O,, is absent. 


Mineralogy 


The essential minerals of the three basalt types in central Honsyii and the 
Izu Islands are compared in Table 2. 

Tilley (1950) and Kuno (Kuno et al., 1957) distinguished tholeiite from alkali 
olivine basalt by the presence or absence of a reaction relationship between 
olivine and pyroxenes. In the tholeiite olivine is rare in the groundmass and, 
where present, it is invariably surrounded by a reaction rim of pigeonite. In the 
alkali olivine basalt, olivine is present both as phenocrysts and in the ground- 
mass and is free from the reaction rim. 

The groundmass of the high-alumina basalt varies in mineralogy from that 
of the tholeiite to that of the alkali olivine basalt. Olivine is rather common in 
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Fic. 3. Al,O,-total alkalis—SiO, relation of the three basalt types. Small open circles: aphyric tholeiite. 
Large open circles: aphyric high-alumina basalt. Rocks from Sidara are marked SJ. Solid circles: 
alkali dolerite and alkali basalt (Sidara, Kiso, and the Circum—Japan Sea Province). 
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TABLE 3 
Groundmass clinopyroxenes of the tholeiite and the high-alumina basalt 
High-alumina 
Tholeiite pyroxene basalt pyroxene 
1 2 3 4 5 6 7 8 
SiO, 50-8 50-72 48-55 49-72 49-68 49-98 50-06 51-80 
Al,O, 2-5 0-98 2-35 0-59 0-78 0-04 3-63 0-73 
Fe,O, 0-7 0-35 1-99 3-74 3-29 1-64 1-54 3-65 
FeO 13-6 21-10 16-05 18-12 18-15 23-22 4-93 5-61 
MgO 17-4 12-23 19-72 16°44 16-19 12-73 16°50 17-14 
CaO 14-3 13-35 10-20 9-56 9-90 11-11 21-45 20-44 
Na,O n.d. 0-33 0-35 0-42 0-65 0-29 0-22 0-42 
K,O n.d. 0-13 0-12 0-07 0-15 0-16 0-04 0-00 
H,O+ n.d. n.d. n.d. 0-17 0-10 n.d. 0-24 0-10 
H,O— n.d. 0-09 n.d. 0-00 0-00 0-12 0-02 0-00 
Ti, 0-2 0-15 0-33 0-73 0-56 0-27 1-07 0-50 
P.O; n.d. n.d. n.d. n.d. n.d. n.d. n.d. tr. 
MnO 0-4 0-37 0-23 0-78 0-59 0-27 0-20 0-22 
SrO n.d. 0-09 n.d. n.d. n.d. 0-16 n.d. n.d. 
Total | 99-9 99-89 99-89 100-34 100-04 99-99 99:90 100-61 











. Augite from olivine basalt. Taga volcano. Analyst, Konisi (Kuno, 1955). 
Augite from olivine basalt. Hatu-sima, just east of Taga volcano. Analyst, Nagashima (Kuno, 


1955). 


(Kuno, 1955). 


Station, north-west of Huzi volcano. Analyst, Haramura. 








Fic. 4. Composition of groundmass clinopyroxene from the tholeiite (1-6) and 
high-alumina basalt (7 and 8). The numbers refer to those in Table 3. Solid circles 
represent clinopyroxenes from alkali dolerite from Atumi on the Japan Sea coast, 

northern HonsyG. 


. Subcalcic augite from aphyric basalt. Okata, O-sima. Analyst, Nagashima (Kuno, 1958). 

. Subcalcic augite from pyroxene basalt. a.p. 1778 lava of O-sima. Analyst, Ossaka (Kuno, 1955). 
. Subcalcic augite from pyroxene basalt. a.p. 1950 lava of O-sima. Analyst, Ossaka (Kuno, 1955). 
. Subcalcic augite from iron-rich schliere in basalt flow. Okata, O-sima. Analyst, Nagashima 
. Augite from olivine basalt of the Misaka Group (Older Miocene). South of Kazikazawa-guti 


. Augite from olivine dolerite (Miocene sheet). Nozoki, Yamagata Prefecture. Analyst, Haramura. 
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the groundmass. In the high-alumina basalt chemically oversaturated with 
silica, the mineral is surrounded by the reaction rim (the basalt of Amagi and 
Sidara), whereas in that poor in excess silica or undersaturated, the mineral is 
free from the rim (some basalt of Omuro-yama, Huzi, and Sidara). In the over- 
saturated high-alumina basalt, silica minerals are present but are less abundant 
than in the tholeiite. In the undersaturated high-alumina basalt these minerals 
may be absent and alkali feldspar is present instead. 

Groundmass clinopyroxene of the high-alumina basalt is generally richer 
in CaSiO, than that of the tholeiite, being close to that of the alkali olivine basalt. 
In Table 3, analyses of the groundmass clinopyroxene from the high-alumina 
basalt are compared with those from the tholeiite. They are plotted in Fig. 4 to 
show the ratio Ca/Mg/Fe+*+Fe+?+Mn. In the same figure, compositions 
of clinopyroxene from alkali dolerite from Atumi on the Japan Sea coast of 
northern Honsyi (Kushiro, 1959) are plotted to show its similarity with the 
pyroxene of the high-alumina basalt. Pigeonite is common in the tholeiite 
groundmass, but it occurs less commonly in the high-alumina basalt. 

In some high-alumina basalt of Amagi and Omuro-yama, orthopyroxene 
is present in the groundmass instead of pigeonite. Such rocks almost invariably 
contain partially resorbed xenocrysts of quartz and sodic plagioclase, probably 
derived from granitic rocks. This suggests that the formation of orthopyroxene in 
the groundmass is related to contamination (Kuno, 1950). 

Thus a complete gradation exists between the high-alumina basalt and the 
tholeiite and between the former and the alkali olivine basalt in regard to 
the groundmass mineral assemblage. However, in regard to the nature of the 
porphyritic olivine, the high-alumina basalt is rather distinct from the tholeiite. 
The olivine in the tholeiite is free from picotite inclusions whereas the olivine 
in the high-alumina basalt commonly contains such inclusions. The olivine in 
the high-alumina basalt is distinctly higher in Ni content than that in the tholeiite 
(Kuno, lida, & Yamasaki, 1960). 


Composition of porphyritic tholeiite and high-alumina basalt 


The aphyric tholeiite of the volcanoes shown by solid circles in Fig. 2 and of 
the basement formations is closely associated with porphyritic tholeiite. As the 
phenocrysts are largely anorthite and bytownite, the porphyritic tholeiite is 
higher in Al,O, than the aphyric tholeiite in bulk composition, yet it is lower in 
alkalis than the high-alumina basalt. 

In Fig. 5 the analyses of the porphyritic tholeiite from this area are plotted 
with small open circles with horizontal stripes. In the same figure, analyses of 
porphyritic high-alumina basalt associated with the aphyric high-alumina basalt 
in Huzi and Amagi are plotted with large open circles with horizontal stripes. 
All the analyses plotted in Fig. 3 are also incorporated in Fig. 5 (circles without 
stripes). 

Analyses of quartz dolerite of Semi sheet, northern Honsyi, are also plotted to 
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Fic. 5. Al,O,-total alkalis—SiO, relation of the three basalt types from Japan and surrounding areas. 
Symbols are same as those in Fig. 3. Open circles with horizontal stripes are for porphyritic rocks. 
SE: quartz dolerite of Semi sheet, northern Honsy@. S/: rocks from Sidara. 
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Fic. 6. Range of bulk compositions of porphyritic rocks produced by adding plagioclase phenocrysts 
ANjo9 and Ang, to the aphyric tholeiite of col. 1 of Table 1, Angy and Ang, to that of col. 2, and Ange 
and An., to that of col. 3, in various proportions from 0 to 50 per cent. The rock of col. | is repre- 
sented by a point at the lower end of broken lines marked 1 in the diagram for SiO, = 47-51-50-0. 
Addition of 13 per cent Anjo, produces a rock represented by a point at the upper end of one of the 
lines. The rock has SiO, = 47-50 and is therefore also represented by a point at the lower end of one 
of the broken lines in the diagram for SiO, = 45-0-47-50. Addition of 50 per cent Anjo. produces a 
rock at the upper end of the line in the same diagram. Similarly, points for rocks produced by adding 
27 and 50 per cent Ang, to the rock | are shown. For the rock of column 2, rocks with 0, 22, and 50 
per cent. Any, and 39 and 50 per cent Ang, are shown by points in the diagrams, and for the rock of 
col. 3, rocks with 0, 33, and 50 per cent Ango, and 50 per cent Anz», are shown. 


show the limit of the composition of tholeiite with comparatively high alkali 
content (small open circles inarked SE). 

Within each SiO, range, the points for each type of basalt, including both the 
porphyritic and aphyric rocks, lie in a definite field whose limit is indicated by 
curved lines. Even the points for the porphyritic tholeiite do not fall within the 
high-alumina basalt fields. 

The boundary lines between the tholeiite and high-alumina basalt fields have 
the following significance: 

If plagioclass phenocrysts Anjo) and Ang, are added to the tholeiite of col. 1, 
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Table 1, in various proportions from 0 to 50 per cent, its bulk composition 
should change along the broken lines marked | in Fig. 6. Similarly, if plagioclase 
ANgo and Ang are added to the tholeiite of col. 2, its bulk composition should 
change along the lines marked 2, and if plagioclase Angy and Anz» are added to that 
of col. 3, its bulk composition should change along the lines marked 3. These lines 
do not intersect the boundary lines reproduced from Fig. 5 except for one of the 
lines marked 3. This implies that the compositions of these tholeiites containing 
any amounts of the phenocrysts lie largely within the tholeiite fields. Thus the 
upper portions of the boundary lines having positive slopes represent the possible 
limit of the bulk composition of the tholeiite with plagioclase phenocrysts. The 
lower portions of the same lines having negative slopes would be parallel to the 
average trend of composition change during the fractionation of both the tholeiite 
and high-alumina basalt magmas. 


DISTRIBUTION OF HIGH-ALUMINA BASALT IN JAPAN AND 
SURROUNDING AREAS 


All available analyses of Cenozoic basalt and dolerite from Japan, Korea, 
Manchuria, and Sakhalin are plotted in the Al,O,-total alkalis-SiO, diagrams 
(Fig. 7) in which the boundary lines between the fields for the three basalt types 
are reproduced from those of Fig. 5. With the aid of Fig. 7 the rocks are classi- 
fied into tholeiite, high-alumina basalt, and alkali basalt (alkali olivine basalt, 
basanite, trachyandesite, mugearite, and alkali dolerite). Some points shown by 
the marks for tholeiite and high-alumina basalt lie outside their own fields. These 
rocks are provisionally classified as such because they have a mineralogy typical 
of the respective types. Such treatment, however,’ es not affect the discussion 
to be given below as the proportion of such roc! is small. Some rocks whose 
points lie within the high-alumina basalt fields might represent tholeiite com- 
paratively rich in alkalis, in which plagioclase phenocrysts have been accumu- 
lated. But such rocks appear to be rare, because most of the rocks whose points 
lie within the high-alumina basalt fields have a mineralogy typical of that type 
of basalt. 

The localities of the rocks plotted in Fig. 7 are shown in Fig. 8. Except for 
those in Korea and Manchuria, the locality names on the map refer to Tertiary 
volcanic fields and the numbers refer to Quaternary volcanoes whose names are 
listed below the figure. The volcanoes of the Izu Islands, Izu Peninsula, and the 
adjacent area are not numbered; their names are shown in Fig. 2. 

The tholeiite localities are confined to a zone including the Izu Islands and the 
Pacific side of northern Honsyi and Hokkaid6. The limit of this province is 
indicated by line AB. In south-western Japan tholeiite localities are not shown 
because no analyses of such rocks are available, although some rocks occurring 
in southern Kydsy@ are identified mineralogically as tholeiite. Line CD is a limit 
of the tholeiite province, tentatively drawn on such basis. 

Beyond the limit of the tholeiite provinces there are numerous localities of 
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Fic. 7. Al,O,-total alkalis-SiO, relation of the three types of basalt from Japan, Korea, Manchuria, 
y and Sakhalin, Symbols are the same as those in Fig. 5. T: Tung-Ning, eastern Manchuria. 
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Fic. 8. Distribution of the three basalt types in Japan and surrounding areas. Small open circles: 

localities of tholeiite. Large open circles: localities of high-alumina basalt. Solid circles: localities 

of alkali basalt. Closed curves in northern Korea and eastern Manchuria indicate outlines of lava 

plateau. AB and CD are limits of the tholeiite provinces. 1. Risiri. 2. Masyi. 3. Tokati. 4. Usu. 
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12. Itinomegata. 13. Hunakata. 14. Gassan. 15. Nikk6. 16. Haruna. 17. Mydk6. 18. lizuna. 19. Ueno. 
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high-alumina basalt. As we go toward the Japan Sea the alkali basalt localities 
begin to appear and become more abundant than the high-alumina basalt locali- 
ties. In Korea and Manchuria high-alumina basalt is extremely rare; it forms 
a small lava plateau near Tung-Ning on the Manchuria—Soviet boundary. 

Lines AB and CD approximately coincide in position with the boundary lines 
between the tholeiite and alkali provinces in Fig. 1, although the latter was 
drawn largely on the distribution of rocks which were regarded as typical 
tholeiite and alkali basalt. From the present study, the limit of the alkali pro- 
vince could be drawn somewhere a little removed from lines AB and CD, toward 
the Japan Sea, and a narrow high-alumina basalt province could be differen- 
tiated. But such a limit is not indicated in Fig. 8 because no sharp boundary 
appears to exist between the alkali province and high-alumina basalt province. A 
similar gradation will be found to exist also between the latter and the tholeiite 
provinces if more analyses become available. In Hakone Volcano a small pro- 
portion of high-alumina basalt occurs with tholeiite. As the mineralogical and 
chemical distinction between the three basalt types is arbitrary, the boundary 
between the tholeiite and high-alumina basalt provinces is also arbitrary. Thus 
there is a complete gradation from the tholeiite provinces, passing through the 
high-alumina basalt zone, to the alkali province. 

Lines AB and CD may have shifted slightly in different periods during the 
Cenozoic. 

Taneda (1951), Katsui (1954), and Ishikawa & Katsui (1959) have shown that 
the basalt, andesite, and dacite of the volcanoes near the Japan Sea coast of 
northern Honsyi and Hokkaid6 are generally higher in alkalis than those of the 
volcanoes lying closer to the Pacific coast of the same region. This difference is 
probably attributable to the more alkalic nature of the parental magmas from 
which the basalt-dacite series of the Japan Sea coast volcanoes was derived; the 
parental magmas are either the high-alumina basalt or the alkali olivine basalt. 


BASALT OF OTHER REGIONS OF THE WORLD 


In Fig. 9, analyses of tholeiite and alkali basalt of the Hawaiian Islands are 
plotted. The basis for classification into the two basalt types has been stated 
elsewhere (Kuno et al., 1957). The boundary lines in Fig. 5 are also reproduced. 
They clearly separate the points for the Hawaiian tholeiite from those for the 
alkali basalt. No high-alumina basalt is represented in Hawaii. 

In Fig. 10, rocks from the Brito-Arctic region are plotted with circles with 
vertical stripes. Tholeiite includes the Non-Porphyritic Central Magma Type 
of Scotland and the basalt of Iceland, the Faeroes, and Greenland. High-alumina 
basalt is represented by the Skaergaard chilled margin (Wager & Deer, 1939; 
Yoder & Tilley, 1957), and alkali basalt by the Plateau Magma Type of Scot- 
land and the olivine basalt of Jan Mayen. 

In the same figure, tholeiite, high-alumina basalt, and oceanic alkali basalt 
from other regions are plotted with circles without stripes. The tholeiite is 
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Fic. 9. Al,O,-total alkalis—SiO, relation of the tholeiite and alkali basalt from 
the Hawaiian Islands. Symbols are the same as those in Fig. 3. 
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Fic. 10. Al,O,-total alkalis-SiO, relation of the three basalt types from the 
Brito-Arctic region, Deccan, Karroo, Oceanic Islands, &c. Symbols are the same 
as those in Fig. 3. Circles with vertical stripes are for the rocks from the Brito- 
Arctic region. S: Skaergaard chilled margin. M: Modoc Lava-Bed Quadrangle. 


L 


138 H. KUNO—HIGH-ALUMINA BASALT 


represented by the basalt of the Deccan and of the Columbia River plateay 
(Stayton basalt) and by the dolerite of Karroo, Palisade, Dillsburg, and Tasmania, 
and the high-alumina basalt by the aphyric and nearly aphyric lava of the 
Modoc Lava-Bed Quadrangle, California (Powers, 1932; Yoder & Tilley, 1957), 
Although the least siliceous Modoc basalts have solidification indices of 52 and 
46, they are included in the plot. All the rocks from the following oceanic 


TABLE 4 


Compositions of aphyric high-alumina basalt from the Modoc Lava-Bed 
Quadrangle and the chilled margin of the Skaergaard intrusion 




















Skaer- 
Modoc gaard 
1 2 3 4 
SiO, 47-26 48-27 51-46 48-38 
Al,O, 18-56 18-28 17-69 19-04 
Fe,O, 1-42 1-04 1-37 1-19 
FeO 7-96 8-31 9-05 8-74 
MgO 9-62 8-96 5-13 7:90 
CaO 11-54 11-32 8-92 10-56 
Na,O 2-24 2-80 3-37 2:46 
K,O 0-20 0-14 0-77 0-18 
H,O+ 0-30 0-15 0-44 — 
H,O— 0-06 0-07 0-30 — 
Tio, 0-88 0-89 1-25 1-36 
P.O; 0-08 0-07 0-14 0-07 
MnO 0-08 0-17 0-18 0-10 
Total | 100-20 100-47 100-07 99-98 





1. Basalt from the Modoc Lava-Bed Quadrangle, California. Analyst, Gonyer (Powers, 1932). 

2. Basalt from the same region as 1. Analyst, Scoon (Yoder & Tilley, 1957). 

3. Basalt from the same region as 1. Analyst, Herdsman (Powers, 1932). 

4. Chilled margin of the Skaergaard intrusion, East Greenland. Analyst, Deer (Wager & Deer, 1939). 


islands are provisionally classified as alkali basalt: Easter, Tahiti, Moorea, 
Austral, Cocos, Marquesas, and Samoa in the Pacific Ocean; Mauritius, 
Possession, Kerguelen, and Heard in the Indian Ocean; Ascension, St. Helena, 
Gough, and Bouvet in the Atlantic Ocean. The boundary lines are also repro- 
duced from Fig. 5. 

Most of the rocks hitherto described as tholeiite have compositions lying 
within the tholeiite fields, and all of the alkali basalts from the Brito-Arctic 
region and from the oceanic islands, with only two exceptions, have composi- 
tions lying within the alkali basalt fields. As in Hawaii, no high-alumina basalt 
is present in the oceanic islands. (See also the average compositions of basalts 
for various oceanic islands calculated by Green & Poldervaart, 1955). The 
points for the Skaergaard chilled margin and the Modoc basalt lie within the 
high-alumina basalt fields. Their analyses are close to those of the Japanese 
high-alumina basalt (compare Tables | and 4). 
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When the porphyritic and aphyric basalt from the Circum-Pacific belt, includ- 
ing the Kurile Islands (Alaid Volcano), Kamchatka, Aleutian Islands, High 
Cascades (Crater Lake and Lassen Peak), Nicaragua, New Zealand (Taupo-— 
Rotorua region), and Formosa, and also from Sumatra are plotted in the same 
type of diagram as Fig. 5, most of them fall within the high-alumina basalt fields 
and a few of them within the alkali basalt fields. Thus the high-alumina basalt is 
very common in the orogenic belt, although it is not entirely absent from the 
non-orogenic continental regions such as in Manchuria and Greenland. 

Rittman (1957) demonstrates that the volcanic rocks of Indonesia decrease 
their alkali/silica ratio, expressed by the formula (Na,O+K,O)?/SiO,-43, to- 
ward the Indian Ocean side of the islands. Structurally the Indian Ocean side 
corresponds to the Pacific side of the Japanese islands. Thus a remarkable cor- 
respondence exists between Japan and Indonesia with regard to the lateral 
variation of the magma composition in relation to the major structure. Probably 
a similar relation will be found in other parts of the Circum-Pacific belt. 


FRACTIONATION TRENDS OF HIGH-ALUMINA BASALT 


In the author’s previous discussion on the fractionation trends of the tholeiite 
magma (Kuno et al., 1957; Kuno, 1959), some high-alumina basalt was included 
under the name tholeiite. The discussion is revised here. 

In the tholeiite magma, fractionation, probably controlled by lower oxidation 
of iron and consequently later separation of magnetite, gives rise to a rock 
series with marked iron enrichment in the middle or late stage. In such a series 
the alkali-lime index plotted against the solidification index (Kuno, 1959) is 
lower than 8. This series is characterized by a ferroaugite—Fe-rich olivine 
association in the later stage. Examples are Elephant’s Head dike and New 
Amalfi sheet, Dillsburg, and Semi. 

On the other hand, fractionation of the same magma, controlled by higher 
oxidation of iron and consequently earlier separation of magnetite, results in a 
rock series with moderate iron enrichment and with an alkali—lime index from 
9 to 13. In the later stage, ferropigeonite forms instead of ferroaugite and olivine. 
Such a series is represented by the dolerite-granophyre of Palolo, Hawaii, the 
pigeonitic rock series of the Izu—Hakone region, and the similar rock series of 
western Scotland and Iceland. 

Similar fractionation trends appear to exist in the high-alumina basalt magma. 
The Skaergaard trend is comparable to the marked iron-enrichment type of the 
tholeiite magma; its alkali-lime index is 3. The high-alumina olivine basalt- 
pyroxene dacite series of Sidara, having an alkali-lime index of 10, corresponds 
to the moderate iron-enrichment type. 

The differentiation trend of a high-alumina olivine basalt flow of Huzi appears 
to belong to the moderate iron-enrichment type. Thin schlieren in the flow (col. 
1b, Table 5) are a little more enriched in iron than the main part of the flow 
(col. la, Table 5), and contain augite (Wo,,En,3Fsg, by anaiysis) as the only 
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ferromagnesian silicate mineral. They are higher in alkalis than the middle-stage 
rocks of the pigeonitic rock series (see Table 1) but lower in this component than 
those formed by fractionation of alkali dolerite sheet of Sidara (col. 2b, 2c, and 
2d, Table 5). 

In the Huzi and Skaergaard trends Al,O, decreases toward the later stage, 
whereas in the Sidara high-alumina basalt trend it is nearly constant until the 
late stage. 


TABLE 5 


Compositions of high-alumina basalt flow of Huzi Volcano and alkali 
dolerite sheet of Sidara Basin 




















Huzi flow Sidara sheet 
la 1b 2a 2b 2¢ 2d 

SiO, 48-76 54-99 50-23 5556 63-63 6611 
Al,O,; 18-53 13-86 16°54 15-28 14-91 14-24 
Fe,O, 4-12 3-93 5-28 5-91 3-72 2-61 
FeO 8-07 8-57 4-36 3-36 2-15 2-41 
MgO 5-47 2:89 4-22 2-43 1-02 0-97 
CaO 10-01 6°48 8-12 5-42 2-52 2-12 
Na,O 2-69 3-28 3-52 4-33 4-18 3-95 
K,O 0-72 2-09 0-96 1-99 3-36 3-97 
H,O+ 0-40 1-08 2-22 1:77 1-60 1-78 
H,O— 0-00 0-00 2°85 1-79 1-46 0-72 
TiO, 1-39 2-02 1-46 1-50 0-69 0-51 
P.O; 0-28 0-81 0-35 0-70 0-40 0-25 
MnO 0-19 0-24 0-17 0-17 0-16 0-18 

Total | 100-63 100-24 | 100-28 100-21 99-80 99-82 





1. Misima lava flow of Huzi Volcano. A quarry at Simotokari near Misima, south-eastern foot of 
Huzi. Analyst, Haramura. a: Porphyritic olivine basalt, the main part of the flow. 6: Aphyric 
andesite, a thin schliere in a. 

2. Alkali dolerite sheet just south of Oidaira, Toyone-mura, Sidara Basin. Analyst, Haramura. a: Oli- 

vine dolerite, the main part of the sheet. b, c, d: Dolerite pegmatite and microsyenite schlieren in a. 


If the compositions of the second to fifth liquids of the Skaergaard intrusion 
and of the schliere of the Huzi flow are plotted in the Al,O,-total alkalis—SiO, 
diagrams, most of them fall within the alkali basalt fields close to the tholeiite 
field boundary. This indicates that some rocks whose points lie within the alkali 
basalt fields, close to this boundary, may be fractionation products of the high- 
alumina basalt magma. Such rocks may be distinguished from the alkali basalt 
by their mineralogy. 

As seen from the above examples, mere fractionation of any of the three 
basalt magmas would not lead to the rock series characterized by the presence 
of hypersthene in the groundmass: that is, the hypersthenic rock series constitut- 
ing many Japanese and High Cascade volcanoes (Kuno, 1959). This series is 
closely associated with the tholeiite (Hakone), the high-alumina basalt (Amagi 
and Sidara), and the alkali olivine basalt (Osima-Osima and Risiri). These 
associations, taken in conjunction with the common existence of xenocrysts in 
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the rocks of this series, strongly indicate that the series is formed from any of the 
three basalt magmas through contamination with sialic material. 





ORIGIN OF HIGH-ALUMINA BASALT 


Average compositions of the aphyric tholeiite and aphyric high-a'umina basalt 
from central Honsyii and the Izu Islands, and that of alkali olivine basalt of 
Japan and Korea, having solidification indices between 45 and 35, are listed in 
Table 6. These compositions are assumed to be close to those of the parental 
magmas of the respective basalt types. 


TABLE 6 


Average compositions of parental tholeiite, high-alumina basalt, and alkali olivine 
basalt of Japan and Korea 

















High- Alkali High- Alkali 
alumina olivine alumina olivine 
Tholeiite basalt basalt Tholeiite basalt basalt 
No. of 
analyses 3 11 7 Norm. 
SiO, 49-78 50-19 48-11 Qu 3-06 — os 
Al,O, 15-69 17-58 15-55 Or 1-67 2:22 6°67 
Fe,O; 2:73 2-84 2-99 Ab 9-96 23-58 24-10 
FeO 9-20 7-19 7-19 An 36-70 34-47 26°41 
MgO 7:79 7:39 9-31 Wo 9-40 7-08 9-16 
CaO 11-93 10-50 10-43 En 19-50 14-70 6-10 
Na,O 1-21 2:75 2°85 Fs 14-12 7-92 2:11 
K,O 0-29 0-40 1-13 Fo — 2-66 12-04 
TiO, 0-68 0-75 1-72 Fa — 1-63 4-69 
P.O; 0-07 0-14 0°56 Mt 3-94 4-18 4-41 
MnO 0-35 0-25 0-16 Il 1-37 1-52 3-19 
SrO 0-29 — — Ap 0:34 0-34 1-34 
Total 100-01 99-98 100-00 


























The high-alumina basalt cannot be produced by remelting of calcic plagio- 
clase phenocrysts accumulated in the tholeiite magma, because the bulk 
composition of the porphyritic tholeiite differs from the composition of the high- 
alumina basalt (Fig. 5). As the high-alumina basalt is generally poorer in norma- 
tive quartz than the tholeiite with corresponding SiO, content, the former cannot 
be explained as derived from the latter through fractionation or contamination 
with granitic or argillaceous rocks. The presence of picotite inclusions in olivine 
of the high-alumina basalt and the higher Ni content of the olivine can neither 
be accounted for by contamination nor by the remelting of the plagioclase. 

Derivation of the high-alumina basalt from the alkali olivine basalt either 
by fractionation or contamination appears almost impossible. The fractionation 
of the alkali olivine basalt magma would increase the alkali content and there- 
fore would not result in the high-alumina basalt. Addition of an appropriate 
amount of granitic or ordinary argillaceous rocks to the alkali olivine basalt 
would neither decrease the K,O content nor increase the Al,O, content so 
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markedly as is shown by the difference between the average compositions of the 
alkali olivine basalt and the high-alumina basalt. 

Yoder and Tilley (1957) show experimentally that the crystallization tempera- 
ture range of the Modoc high-alumina basalt is almost the same as those of the 
Hawaiian alkali basalt and tholeiite, and conclude that none of these basalts 
is the fractionation product of one of the others. 

Thus it is most likely that the high-alumina basalt represents a primary 
magma formed by partial or bodily melting of the earth’s material. 

From the general correspondence of the tholeiite provinces in Japan with the 
areas of shallower earthquakes and the alkali province with that of deeper 
earthquakes, Kuno (1959) suggests that the tholeiite magma is produced by 
partial melting of the mantle peridotite at the earthquake foci shallower than 
200 km, and thé alkali olivine basalt magma by partial melting at the foci deeper 
than this level. 

As has been shown in the earlier part of this paper, the high-alumina basalt 
occurs in a zone between the tholeiite provinces and the alkali province of the 
Japanese Islands. This fact, taken in conjunction with the transitional chemistry 
and mineralogy of the high-alumina basalt, strongly suggests that it is produced 
by partial melting of the mantle at the intermediate depths, say at about 200 km. 

Why the basalt magmas are produced at the earthquake foci can probably 
be explained by the mechanism recently postulated by Uffen (1959). According 
to him, magmas are produced as a result of stress relief by the compressive 
failure which takes place along the plane of the earthquake foci dipping from the 
ocean toward the continent, such as those existing underneath the Japanese 
Islands. 

The absence, or at least scarcity, of the high-alumina basalt from the oceanic 
regions, especially from the Hawaiian Islands where both the tholeiite and the 
alkali olivine basalt are present, is difficult to explain unless it is assumed that 
the physical or chemical environment attending the production of primary 
magma in the mantle below the ocean differs somewhat from that below the 
continents. There is no indication that the peridotite constituting the upper mantle 
below the ocean differs in mineralogy from that below the continents. What is 
the reason why the magma is not produced at depths about 200 km below the 
ocean? Or is this a special condition for the mantle below the Hawaiian Islands? 
This problem can probably be approached through geophysical observations. 

The possibility that the kinds of primary magmas produced below the ocean 
are essentially the same as those produced below the continents, but that there 
is some factor which leads to the increase of the Al,O, content of the magmas 
during their passage through the continental crust, may be considered. 

Yoder (1954) has shown experimentally that the eutectic point of the system 
diopside—anorthite—water is shifted markedly toward the anorthite corner by the 
increase of water pressure up to 5,000 bars. This suggests that the high-alumina 
basalt could be formed, by increase of water pressure, from a certain basalt 
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magma such as the Hawaiian tholeiite, which is a little higher in alkalis than the 
Japanese tholetite. However, this is unlikely, if not impossible, because we can- 
not find any reason why the water pressure should be high only in the magma 
erupted within the zone between the tholeiite and the alkali provinces of the 
Japanese Islands, while there is no field evidence to show that the high-alumina 
basalt volcanoes in Japan are more explosive than the adjacent tholeiite vol- 
canoes. Yoder’s experiments also show that the eutectic point in the system, 
under a water pressure of 5,000 bars, is about 180° C lower than that in the 
anhydrous system. But there is no indication that the crystallization temperature 
of the high-alumina basalt is lower than that of the tholeiite. 

Another possibility is that the high-alumina basalt magma, and perhaps also 
the tholeiite magma, are produced by melting of the base of the crust which has 
been subjected to down-buckling during the Cenozoic orogenic period. This is 
also unlikely for the following reasons. In the region extending from Huzi to 
K6zu-sima, the high-alumina basalt has been repeatedly extruded during the 
period from the Older Pleistocene to the time of the last eruption of Huzi (A.D. 
1707). The depth of the Moho discontinuity is about 20 km in this region 
(Tamaki, 1954) and possibly shallower, as revealed by recent explosion seismolo- 
gical research in central Honsyi. In order to melt the base of the crust at 20 km 
depth repeatedly throughout the latest geological period, the average tempera- 
ture gradient must be about 60° C per km: a rather unlikely, if not impossible, 
value. The observed heat flow at Sasago, just north of Huzi, is 2-06 x 10-* cal/cm? 
sec and a similar value appears to prevail in the region of northern Honsyii where 
the high-alumina basalt has been erupted (Ueda, Yukutake, & Tanaoka, 1958). 
This amount of heat flow is not much greater than the world average (1-2 x 10-* 
cal/cm? sec). 

For the final solution of the problem we must know more adequately the 
geothermal gradient and the depth of the Moho discontinuity in relation to the 
distribution of the three basalt types, and also the nature of the material above 
and below the discontinuity. It is also recommended that the kinds of liquid pro- 
duced by partial melting of peridotite and eclogite under different pressures be 
investigated experimentally. 


PETROLOGICAL SIGNIFICANCE OF THE SUBDIVISION OF HUZI 
VOLCANIC ZONE 


Tsuya (1937, 1951) divided the Huzi Volcanic Zone into two subzones on the 
basis of the chemical composition of the lava. The northern subzone (Tsuya’s 
Huzi Zone proper), including Amagi, Asitaka, Huzi, and all the volcanoes 
north of Huzi (Fig. 2), is characterized by basalt and andesite having higher 
alkalis, lower lime, and lower excess silica than those of basalt and andesite of 
the southern subzone (Tsuya’s O-sima Zone) including Hakone, Taga, O-sima, 
Miyake-zima, and the volcanoes south of Miyake-zima (Fig. 2). 

As has been shown in the earlier part of this paper, the basalt of Kdzu-sima, 
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Nii-zima, Amagi, Omuro-yama, and Huzi is high-alumina basalt. Basalt and 
andesite of Utone-sima, To-sima, and Asitaka, as well as of the volcanoes north 
of Huzi (Komi-take, Kayaga-take, lizuna, and My5dk6, Fig. 2) are found to be 
high-alumina basalt when the analyses are plotted in the Al,O,-total alkalis- 
SiO, diagrams, although they are porphyritic. Thus the northern subzone is 
characterized by the high-alumina basalt and may be regarded as extending as 
far as K6zu-sima. The southern subzone is characterized by the tholeiite and 
runs parallel to the northern subzone on its eastern side. 

Line AB of Fig. 2 represents, approximately, the boundary of the tholeiite and 
high-alumina basalt provinces. However, it is not implied that the two basalt 
types are never present beyond the limit of their respective provinces. 

Kuno (1958) pointed out that granite xenoliths and xenocrysts have been 
found in the lava of the Izu Peninsula, Nii-zima, and K6zu-sima, but not in 
O-sima, Miyake-zima, and the volcanoes south of the latter. He concluded that 
the limit of the sialic crust or ‘andesite line’ is located as shown by line CD of © 
Fig. 2. The ‘andesite line’ has been generally located just to the east of the Izu 
Islands, simply because ‘andesite’ occurs in these islands. However, the rocks 
classified as ‘andesite’ may include those formed purely through fractionation and 
those formed through contamination with the sialic material. I have found that the 
rocks formed through contamination (the hypersthenic rock series) are included 
in the area north of line CD of Fig. 2. Again, line CD is not a sharp boundary 
of the area of the hypersthenic rock series. Rocks of this series occur rarely in 
the volcanoes south of this line, which are largely made up of the rocks of the 
pigeonitic rock series, and the proportion of the hypersthenic rock series in the 
volcanoes of the southern subzone increases to the north of line CD (Taga, 
Yugawara, and Hakone). 

Line CD may be regarded as extending north-eastward and south-westward 
parallel to the margin of the Japanese Islands. 
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Kalsilite in the lavas of Mt. Nyiragongo 
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ABSTRACT 


A considerable part of the nephelinite lavas of the volcano Mt. Nyiragongo in the eastern 
Belgian Congo contains kalsilite as one of the main constituents. The mineral never occurs as 
the only feldspathoid of the rock but is accompanied by nepheline, abundant melilite, and, 
sometimes, by small to moderate amounts of leucite. Other important constituents of these 
kalsilite-bearing rocks are clinopyroxene, olivine, perovskite, titanomagnetite, sodalite, &c. 
The feldspars are lacking. 

Kalsilite occurs both as complex nepheline—kalsilite phenocrysts in which these phases are 
strictly co-axial and in the fine-grained groundmass as grains separate from those of nephe- 
line. 

The complex nepheline-kalsilite phenocrysts exhibit a continuous series of progressing 
exsolution schematically presented in Fig. 5. The series begins with a perthite-like nepheline- 
kalsilite core surrounded by a drop-like development of nepheline in the margin of the 
crystal and ends up with a homogeneous kalsilite core surrounded by a nepheline margin. 

The complex phenocrysts occur mostly as aggregates causing a typically glomeroporphy- 
ritic texture. Evidence is presented indicating that, in the very first stages of crystallization, 
some of the Nyiragongo lavas are able to precipitate small amounts of phenocrysts of approxi- 
mate composition K,NaAl,Si,O,,. Through crystal-rise under turbulent currents in the 
molten lava mass these phenocrysts have been accumulated into aggregates and thus have 
been preserved until extrusion. Granted sufficiently slow cooling under static conditions, the 
phenocrysts would have reacted with the molten lava. The roles of the crystal-rise and of the 
turbulent currents in lava are illustrated by the occurrence of the ‘giant’ leucite aggregates 
found in the inner walls of the crater and by observations on the lava lake of the mountain. 

The occurrence of kalsilite in the groundmass is explained by the existence of a two-phase 
area in the sub-solidus range in the nepheline—kalsilite system. 

The Nepheline Aggregate lavas represent the last extrusions emitted by the Nyiragongo 
main crater. The nepheline phenocrysts characteristic of these lavas range considerably 
higher in potassium content than the nephelines found in other Nyiragongo flows. The 
crystals are slightly zoned with a large potassium-rich core coated by a narrow margin with 
gradually decreasing potassium content. The zoning may be detected only by using special 
methods. The history of crystallization of the nepheline phenocrysts is considered analogous 
to that of the complex nepheline—kalsilite phenocrysts with the only difference that the nephe- 
line phenocrysts of the Nepheline Aggregate lavas are less rich in potassium and, conse- 
quently, have not been subjected to exsolution. 


INTRODUCTION 


K ALSILITE has so far been found in three areas. The mineral was first discovered 
by Holmes (1942a) in a lava from the Mafuru crater of the Bunyaruguru vol- 
canic area in south-western Uganda and was studied by Bannister and Hey 
(1942) and, later, by Sahama (1954). Subsequently, kalsilite was detected in a 
number of rocks from localities within the Bunyaruguru field and, in addition, 
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in the lava of the isolated Katunga volcano south of that field (Combe & Holmes, 
1945; Holmes, 1950; Neuvonen, 1956). A second occurrence of kalsilite in a 
volcanic rock from San Venanzo in Italy was suggested by Holmes (19425) on 
the basis of a chemical analysis of the bulk rock. The identification of the San 
Venanzo mineral was later confirmed by Bannister & Sahama (1953). A third 
occurrence of kalsilite was found on Mt. Nyiragongo in the eastern Belgian 
Congo by Sahama (19536). The mineral was discovered in a lava for which the 
name Kabfumu flow was later applied and was studied in detail by Sahama 
(1957), Sahama & Smith (1957) and Smith & Sahama (1957). A more systematic 
study of the Nyiragongo lavas revealed the fact that kalsilite represents one of 
the main constituents of the rocks of the area (Sahama & Meyer, 1958; Sahama, 
Neuvonen, & Hyt6nen, 1956). 

The mode of occurrence of kalsilite in the Nyiragongo lavas is entirely differ- 
ent from that in the Bunyaruguru field (including Katunga) and in San Venanzo. 
The rocks of both the last-mentioned areas are exceptionally poor in sodium 
and, accordingly, the crystallization of kalsilite instead of nepheline is a direct 
consequence of the alkali ratio of the bulk rock. In the Bunyaruguru field and 
in San Venanzo kalsilite occurs in the fine-grained groundmass as an anhedral 
interstitial constituent evidently representing one of the last crystallizations. 
Only rarely, in some of the Bunyaruguru lava types, does it form segregations of 
well-developed euhedral prisins. These segregations, however, bear the character 
of vesicle fillings, sometimes with an empty hollow in the middle, and are appar- 
ently not aggregates of phenocrysts of early crystallization. In his papers men- 
tioned above, the kalsilite segregations of certain Bunyaruguru lavas are called 
pegmatoids by Holmes, thus emphasizing their character as late crystallizations 
of the lava. On Nyiragongo, on the other hand, kalsilite never forms the only 
feldspathoid of the rock but is always accompanied by nepheline and sometimes 
by small to moderate amounts of leucite. The most striking mode of occurrence 
of kalsilite is as phenocrysts of more or less complex character clearly belonging 
to the first high-temperature crystallizations of the lava. In this mode of occur- 
rence the mineral was first discovered in the area. Later it has been found alsoin 
the groundmass of several lava types of the area, together with other feldspa- 
thoids. 

The work dealing with the mineralogy, petrology, and petrogenesis of the 
Nyiragongo lavas has not yet been completed. On the contrary, since 1958, the 
volcano has become the subject of new extensive geophysical investigations by 
Belgian and other scientists. In connexion with these studies, made by several 
expeditions, new field observations and new collections of specimens have been 
made. The author has been privileged to have available a rather representative 
series of specimens partly collected by himself on the volcano on several occa- 
sions and partly placed at his disposal by other collectors, mainly by Mr. André 
Meyer of Goma. The laboratory study of these collections by microscopic, X-ray, 
and other means in the course of several years has resulted in an accumulation of 
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data of various kinds that, at the stage reached at present, will provide a genera] 
view of the mode of occurrence of kalsilite in these lavas. It is felt that the in- 
formation obtained will justify some conclusions about the history of crystal- 
lization of kalsilite in the Nyiragongo lavas that show it to be unique of its 
kind. The geological background of the volcano having been described in a pro- 
gress report by Sahama & Meyer (1958), it will not be further repeated. 


THE COMPLEX PHENOCRYSTS 
Mode of occurrence 


Complex nepheline-kalsilite phenocrysts have been found in the lavas of a 
number of flows from Nyiragongo and from its tributaries. It is strictly not 
correct to apply the designation ‘complex nepheline-kalsilite phenocryst’ to all 
phenocrysts in these lavas that contain nepheline and kalsilite phases. In addition 
to one or more nepheline phases with ao ~ 10 A and to the ordinary disordered 
kalsilite phase with ao ~ 5-15 A, a few other phases have been detected and 
described from the complex phenocrysts of the Kabfumu lava (Sahama, 1957). 
Because the complex phenocrysts from all the known localities have not been 
studied by single crystal X-ray methods, the term ‘complex nepheline—kalsilite 
phenocryst” may be used here regardless of the possible content of other phases. 

The complex nepheline-kalsilite phenocrysts show subhedral to euhedral 
development and belong, doubtless, to the first crystallizations of the lava. In 
some rocks these complex phenocrysts are accompanied by other phenocrysts of 
pure nepheline, but in others every single phenocryst is complex, consisting of 
both nepheline and kalsilite phases in parallel growth. Pure kalsilite pheno- 
crysts without any microscopically detectable nepheline phase in parallel 
orientation have not been discovered in any of the lavas studied. In some flows 
the complex kalsilite-bearing phenocrysts are very scarce and may easily be 
overlooked. In certain rocks, as in the melilite-nephelinite of the Kibati Rest 
House (specimen S. 75), the complex phenocrysts may be detected only by 
crushing and grinding a specimen of the rock, by separating nepheline-kalsilite 
from the groundmass, and by selecting under the binocular microscope one of 
the few turbid nepheline-looking crystals for a single crystal X-ray test. In Tembo 
flow lava, on the other hand, a thin section made of one specimen may not 
reveal the presence of any complex phenocrysts, all phenocrysts found consisting 
of homogeneous-looking nepheline. Another thin section of another specimen 
of the same flow does show a few complex nepheline—kalsilite phenocrysts. In 
other flows, as in the Kabfumu flow, the complex phenocrysts are numerous. 

Wherever present in large numbers, the complex nepheline—kalsilite pheno- 
crysts show a marked tendency to occur in aggregates of varying size, up to 2 cm 
or even more in diameter and easily seen in the field from a distance. The result- 
ing texture is typically glomeroporphyritic and is illustrated in Fig. 1. The size 
of the individual crystals within the aggregates ranges from 0-1 or 0:2 mm to | mm 
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Fic. 1. Glomeroporphyritic lava of the Kabfumu flow, showing aggregates of complex nepheline— 
kalsilite phenocrysts (white) in a fine-grained groundmass. Specimen FEAE No. 83. Between Mt. 
Nyiragongo and Mt. Mikeno. 










Fic. 2. Polished section of a giant leucite aggregate of c. 7 cm 
diameter. Loose block from the big talus on the SE. part of 
the upper platform of Nyiragongo. 
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or more. The crystals on the margin of an aggregate usually show a better pris- 
matic habit than those lying in its centre. The aggregates sometimes contain a 
few embedded crystals of melilite, clinopyroxene, or even olivine, apatite, and 
titanomagnetite, and often enclose parts of groundmass. In some of the rocks, as 
in several lavas of the Nyiragongo inner pit, single crystals of complex nephe- 
line—kalsilite phenocrysts occur in the groundmass between the aggregates. 


Mechanical separation of phenocrysts from the molten lava 


The glomeroporphyritic texture mentioned above is a very common feature 
of the Nyiragongo area lavas. The occurrence of aggregates of phenocrysts is, 
for several flows, so characteristic that their presence or absence may be used 
as a criterion in distinguishing between different flows. That is the case, for 
example, for the Nepheline Aggregate lavas capping most of the central cone 
of Nyiragongo and extending down to the road east of the mountain, and for the 
Leucite flows covering large areas of the valley between Mt. Nyiragongo and the 
great eastern volcanoes Mt. Mikeno and Mt. Karisimbi. The glomeroporphyritic 
texture of the Nepheline Aggregate lavas has been illustrated by Sahama (1953a). 
Because the glomeroporphyritic texture will play an important role in interpret- 
ing the mode of occurrence of the complex nepheline-kalsilite phenocrysts in 
Nyiragongo lavas, it will be discussed here at some length. 

In the Nyiragongo lavas, only the light constituents have been found to form 
aggregates of phenocrysts, viz. nepheline, nepheline-kalsilite, and leucite. 
Typical aggregates of melilite, clinopyroxene, olivine, apatite, or titanomagnetite 
have not been discovered. The specific gravities of the light constituents men- 
tioned range approximately from 2-47 (leucite) to 2-63 (potassic nepheline). The 
specific gravities of the bulk rocks have been measured for quite a number of 
specimens with the ‘ Notari’ volumeter, using powdered material. Accordingly, 
the results indicate the specific gravities of the rocks without vesicles. A part of 
the data obtained have been included in the report by Sahama and Meyer (1958). 
The figures available (43 determinations at present) that are considered to give 
a fairly reliable idea about the specific gravities of the Nyiragongo lavas range 
mostly from 2-85 to 3-15 with an average of 3-0. Only a few specimens show 
specific gravities slightly outside the range indicated. Of the constituents not 
forming aggregates of phenocrysts, the specific gravity of melilite lies close to the 
average mentioned, while those for clinopyroxene, olivine, apatite, and titano- 
magnetite are higher. Of course, the specific gravity measurements have been 
made only at room temperature, but it seems unlikely that the relationships 
would be essentially different at the elevated temperatures at which the pheno- 
crysts crystallized from the molten lava. 

The facts referred to above seem to indicate that the phenocrysts of the light 
constituents newly crystallized from the molten lava will show a tendency to 
rise. If this upward movement of the phenocrysts is allowed to proceed for a 
while without being stopped by extrusion or by some other process, it will result 
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jin an accumulation of the phenocrysts in the top part of the lava mass. Under 
most favourable conditions the accumulation will result in rocks of a very ex- 
treme kind. The most striking example of such an extreme accumulation of the 
light constituents is offered by the occurrence of the ‘giant’ leucites in blocks, 
especially in and around the big talus on the south-eastern upper platform of 
Nyiragongo. These giant leucites, that may reach the size of a fist, are known 
only from loose blocks fallen down from a lava horizon high up in the difficultly 
accessible wall of the crater. A photograph of such blocks has been given by 
Sahama & Meyer (1958) and will not be added to this paper. 

The giant leucites are always perfectly rounded. No crystal faces have been 
traced. A microscopic study proves that they represent aggregates of crystals 
and not single crystals of uniform orientation. However, it is not entirely ex- 
cluded that some individual single crystals may reach the size of the aggregates. 
So far, such giant single crystals are not known to the author. Fig. 2 reproduces a 
polished section of a typical leucite aggregate of c. 7 cm in diameter. The core 
consists of a darker aggregate of relatively fine-grained leucite with some clino- 
pyroxene, olivine, magnetite, and glass embedded between the leucite crystals. 
A radial growth of coarse-grained leucite surrounds the core. The number of the 
leucite aggregates found in a particular block varies very much. In some blocks 
of, say, half a metre in diameter, only a couple of leucite aggregates may be 
seen. In blocks representing the other extreme, the leucite aggregates are so 
numerous that they are in contact with their neighbour aggregates and the 
groundmass just fills the interstices left. All gradations occur between the two 
extremes. 

Table | presents the chemical composition of the pure leucite phase separated 
by heavy liquids from a giant aggregate and, on the other hand, of the ground- 
mass from the same specimen lying between the aggregates. On preparing the 
groundmass for chemical analysis, care was taken not to include any pieces of 
leucite derived from the giant aggregates, The aggregate that was subjected to 
separation contained some crystals of clinopyroxene and of olivine (70-9 mol. 
per cent Fo). A comparison of the analysis of the groundmass, reproduced in 
the table with analyses of Nyiragongo lavas that have been presented by several 
authors, reveals the fact that the composition of the groundmass is in no way 
exceptional among the rocks known from the mountain. Under the microscope, 
the groundmass proves to be almost cryptocrystalline and contains a few very 
small phenocrysts of leucite and clinopyroxene. Nepheline and melilite could 
not be identified in thin section. 

The giant leucite aggregates can obviously not have crystallized from the 
very same rock in which they now occur. Such a lava would necessarily have a 
composition that is not possible. In addition, the external form and the internal 
texture of the aggregates suggests that they have crystallized gradually during 
rising in the molten lava and have accumulated in large quantities on the top part 
of the lava mass. 
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TABLE | 


Chemical composition of giant leucite from the Nyiragongo upper platform and of 
the groundmass between the giant leucite aggregates. Analyst: Pentti Ojanperii, 














1959 
Groundmass Leucite 
(%) (%) 

SiO, . P ; 40-97 54-66 
TiO, : é i , 3-01 0-17 
Al,O, ; 2 : ; 15-80 23-15 
Fe,O, ; : : ; 451 0-36 
FeO : ’ : j 7-86 0-11 
MnO , ; : . 0-29 0-01 
MgO 5 : ; , 4-08 0-04 
CaO : : 7 10-73 0-11 
Na,O : i ’ 4-82 0-63 
K,O ‘ . : . 5-08 20-04 
P.O; ; : : : 1-57 0-08 
co, 2 ; , ‘ 0-00 n.d. 
H,O+ F : ’ F 0-64 0-36 
H,O— ‘ : ‘ 3 0-40 0-05 
Total ‘ ‘ ‘ ; 99-76 99-77 
Sp. gr. ; . ‘ ; 3-03 2-477 











In addition to the simple rising of phenocrysts caused by a difference in specific 
gravity between phenocryst and molten lava, turbulent currents occurring in the 
lava are evidently able to enrich phenocrysts of the light minerals into certain 
spots. Those turbulent currents are caused by the boiling of the lava, in other 
words, by the escape of gases, and will play a considerable role in places where 
the molten lava comes into contact with the air. Turbulent currents in a molten 
lava mass may be studied on the permanent lava lake of Nyiragongo. The lava 
lake was visited for the first time by the expedition of the Centre National de 
Volcanologie of Belgium in August 1959, and the lava lake was sampled. The 
specimens obtained contained single phenocrysts and aggregates of clear nephe- 
line with 44 mol. per cent Ks. According to a personal communication kindly 
given by Mr. André Meyer, who attended the expedition, the content in these 
phenocrysts or aggregates varies very much, with time, on the same spot in the 
lake. The turbulent currents that are in action in the lake will cause lava with 
varying amounts of phenocrysts to pass the spot of sampling. This observation 
made on a living lava lake provides the best proof of the ability of the turbulent 
currents to collect and enrich phenocrysts from the lava into certain spots. 
Further, those currents evidently are apt to favour collecting of single pheno- 
crysts into more or less coherent aggregates. 


Exsolution phenomena 

In the complex nepheline-kalsilite phenocrysts, the two phases are usually 
easily distinguished from each other by the slightly lower refractive indices and 
by the somewhat higher birefringence of kalsilite as compared with nepheline. 
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To obtain an idea of the magnitude of the difference in refraction and birefrin- 
gence between the two phases in one complex crystal, the Canada balsam of 
a thin section of specimen S. 88 = VM. 358 from Baruta was dissolved in xylol 
and a crystal that was cut parallel to the optic axis was placed successively in a 
series of immersion liquids and the refractive indices of both phases determined. 
Subsequently, the retardation of the two phases were measured with the Berek 
compensator. The results of these measurements are summarized below: 








Ww € @w—e 
Nepheline ‘ . : 1-547 1-543 0-0041 
Kalsilite . ‘ ; : 1-539 1-533 0-0051 














As will be seen from these data, the differences in optical properties between 
the two phases are not very great, but are entirely sufficient for identification 
provided that the phases of a complex phenocryst are in parallel orientation, as 
is the case. In no single phenocryst has any difference in position of extinction 
been found between the two phases. In addition, c-axis rotation and Weissenberg 
photographs taken of a number of complex phenocrysts from different speci- 
mens confirm the strictly co-axial orientation of the two phases. 

In some phenocrysts the boundaries between the two phases are very irregular 
owing to the accidental direction and position of the section and to the irregular 
growth of the phenocryst. In such cases the two phases may be better identified 
by strengthening the difference in interference colour with a rotating (elliptical) 
mica compensator (Sahama, 1960). In some specimens, extremely weak variation 
in refractive indices in the kalsilite phase has been detected by using phase- 
contrast optics on the microscope. In addition, a very characteristic feature of the 
complex nepheline-kalsilite phenocrysts is the fact that the kalsilite phase is 
mostly entirely clear, whereas the nepheline phase is almost always sprinkled 
with tiny inclusions that are too small for closer identification. This fact is 
clearly seen in most of the photomicrographs of complex nepheline-kalsilite 
phenocrysts presented below. 

It may be emphasized in this connexion, however, that the optical distinction 
between the nepheline and the kalsilite phase referred to above is successful only 
if the phases are in a strictly parallel orientation in the same phenocryst. If 
occurring as separate grains of differing orientations in the groundmass, methods 
other than optical thin section must be used. 

The nepheline phase of a complex phenocryst occurs either as a more or less 
irregular margin to the crystal or, on the other hand, as lamellae in the kalsilite 
base of the core. The reverse mode of occurrence of the phases, viz., a kalsilite 
margin around a nepheline core, has not been observed. The nepheline lamellae 
are perpendicular to the a’ vibration direction of the section and a Universal 
Stage study made on a few specimens shows that the lamellae are truly per- 
pendicular to the optic axis of the crystal. 


Plate 1, fig. A shows nepheline lamellae in a kalsilite base in the core of a 
6233.2 M 
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complex phenocryst. The resulting texture exhibits a striking analogy with the 
exsolution texture of the alkali feldspar perthites. For that reason, the texture 
illustrated in Plate 1, fig. A will here be termed ‘microperthitic’ and the crystal 
‘microperthitic’ kalsilite or kalsilite ‘microperthite’. It is well understood that the 
term ‘ perthite’ or ‘microperthite’ as used in the literature refers strictly to alkali 
feldspar. The heating experiments on kalsilite microperthite from Nyiragongo 
published on a previous occasion (Sahama, 1957) have proved that the micro- 
perthitic texture of those phenocrysts results from an exsolution of the two 
phases with decreasing temperature. Thus, because both appearance and origin 
of the texture are similar to that of alkali feldspar, it seems pertinent to empha- 
size this analogy by applying the term ‘perthitic’ or ‘microperthitic’ also to the 
exsolved nepheline-kalsilite phenocrysts of Mt. Nyiragongo. 

The width of the nepheline lamellae found in the cores of the complex nephe- 
line-kalsilite phenocrysts varies from submicroscopic (cryptoperthitic), in which 
the existence of an exsolution texture may be detected only by X-ray methods, to 
relatively coarse, in which the lamellae may be seen with the unaided eye or with 
a pocket lens. The exsolution texture of the particular crystal from Kabfumu lava 
shown in Plate 1, fig. A belongs to the more coarse type. The microperthitic 
kalsilite of the Kabfumu lava represents a very early stage in the exsolution pro- 
cess. This conclusion is evidenced by the fact that different phenocrysts even in 
the same aggregate may show remarkable differences in the coarseness of the 
perthitic texture and, further, by the fact that the phase composition varies from 
crystal to crystal. All in all, the following co-axial phases have been identified by 
Weissenberg photographs or by powder pattern (Sahama, 1957): two main 
nepheline phases of compositions 59 and 35 mol. per cent Ks, respectively; dis- 
ordered (ao ~ 5-15 A) and ordered (ao ~ 8-9 A) kalsilite of average composition 
90-7 mol. per cent Ks; tri-kalsilite (a. ~ 15-3 A). The bulk composition of the 
core is c. 72 mol. per cent Ks. On heating above 860° C, it inverts to a homo- 
geneous tetrakalsilite with ao ~ 20-5 A. Such a complicated phase composition 
suggests that the phenocrysts have been quickly cooled before the exsolution 
process reached equilibrium. More or less fine-grained perthitic textures in the 
cores of the complex phenocrysts have been found in many flows of Nyiragongo. 

The homogeneous nepheline margin surrounding the core varies in thickness. 
In aggregates of complex phenocrysts exhibiting relatively fine-grained perthitic 
texture, a marginal nepheline phase is found mostly in the crystals that are in 
immediate contact with the surrounding groundmass, whereas the crystals that 
lie in the centre of the aggregates often show no marginal nepheline. This fact is 
illustrated by Fig. 3 that represents an aggregate small enough to be seen in one 
field under the microscope by using low power. In crystals where the nepheline 
margin is very thin the margin exhibits a ‘drop-like’ development shown in 
Plate |, fig. B. The marginal nepheline phase forms a more or less coherent row 
of drops extending from the margin to varying depths into the crystal. In other 
crystals the margin has grown thicker and the nepheline lamellae of the core 
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are coarser. In such crystals a narrow zone of the core in contact with the 
nepheline margin often consists of only kalsilite without nepheline lamellae. 
The nepheline lamellae of the core do not extend to the marginal nepheline 
phase. Such a development of a nepheline-free kalsilite zone between the micro- 
perthitic kalsilite core and the homogeneous nepheline margin is illustrated in 
Plate 1, fig. C. It seems evident that this nepheline-free kalsilite zone originates 
from a removal of the sodium atoms through diffusion into the margin. 





sa Sa NEPHELINE 
05mm MICROPERTHITIC 


KALSILITE 
ME MELILITE 


Fic. 3. Aggregate of complex nepheline-kalsilite phenocrysts in fine- 

grained groundmass. Note the occurrence of marginal nepheline in 

places where a phenocryst is in contact with the surrounding ground- 

mass. Specimen S. 68 belonging to the non-individualized older flows 
north of Goma. SE. of Bukanda hill. 


A further step in progressing exsolution is illustrated in Plates 1, fig. D, and 2, 
fig. A. The kind of complex phenocrysts shown by these two figures are found to 
be especially common among the lavas of the inner pit of Nyiragongo. Specimen 
VM. 511 from a loose block on the lower platform of Nyiragongo is very 
typical and therefore was selected as an example. In the crystal of Plate 1, 
fig. D most of the nepheline lamellae of the core have disappeared, only some 
few lamellae remaining in the top part of the crystal. In the crystal of Plate 2, 
fig. A, from the samc specimen, no sign of microperthitic texture is left. The 
nepheline phase existing in the core of the crystal forms thick, fairly regular 
lamellae perpendicular to the c-axis. These thick lamellae are very clearly dis- 
tinguished from the fine lamellae of the microperthitic texture proper (cf. Plate 1, 
fig. D). In some crystals, as in that of Plate 2, fig. A, the neighbouring thick 
lamellae are combined with each other by a pipe-like plug of nepheline that, in 
a thin section, occurs as a strip parallel to the c-axis of the crystal. In addition, 
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nepheline forms, in the core, separate patches of rectangular outline lying in 
the kalsilite base. According to a powder pattern prepared of the complex nephe- 
line-kalsilite phenocrysts of specimen VM. 511, the nepheline phase contains 
27-5 mol. per cent Ks and the kalsilite phase 96-4 mol. per cent Ks. 

The final step in the exsolution process of the complex phenocrysts is illus- 
trated by Plate 2, fig. B of specimen S. 88 = VM. 358 from Baruta. The kalsilite 
core of the crystal encloses no nepheline phase and shows more or less rectangu- 
lar outlines against the nepheline margin. The section of the figure is exactly 
parallel to the optic axis. The straight boundaries between the two phases run 
either parallel or perpendicular to the optic axis (top left to bottom right in the 
figure). The clear core of the crystals of this specimen has been proved to be 
kalsilite by c-axis Weissenberg photographs taken of the cores of several crystals 
from which the nepheline margin had been cut off under the binocular micro- 
scope. A further proof is offered by the intensity measurements of the potassium 
Ka radiation emitted from a row of points along the line A—A across the complex 
crystal in Fig. 4. The measurements were made with the electron micro-probe of 
the Castaing type at the Bureau de Recherches Géologiques et Miniéres in Paris, 
The average number of counts on points within the kalsilite core is 549 per sec 
and that on points of the nepheline margin 184 per sec. The ratio of these average 
counts is 2-98, in good agreement with the ratio of the potassium contents of 
the two phases. The nepheline and kalsilite phases of this specimen have been 
chemically analysed (Sahama, Neuvonen, & Hyténen, 1956) with the results 
23-52 per cent K in kalsilite and 8-05 per cent K in nepheline, yielding a ratio 
of 2-92. 

As is seen from Fig. 4, the potassium content of the nepheline phase in a nar- 
row zone lying on the phase boundary against kalsilite is slightly higher than in 
the rest of the nepheline margin. This fact is better visible on the right side of the 
top part of the figure. This result obtained with the electron micro-probe is con- 
firmed by microscopic observations made on several specimens. Plate 2, fig. C 
illustrates such an observation. This figure represents a part of the complex 
crystal of Plate 2, fig. B and is photographed with a high-power objective. On 
the nepheline side of the phase boundary a very narrow zone is seen, some 0-0! 
mm thick, that, in contrast to the main part of the nepheline margin, is free 
from inclusions. This zone shows clearly higher refractive indices than kalsilite 
and is doubtless nepheline. It evidently represents a product of the last stage of 
exsolution not yet in equilibrium with the nepheline margin. In some other 
specimens (example: specimen VS. 271, a loose block from the southern upper 
part of Baruta) similar heterogeneity may be detected on the kalsilite side of the 
phase boundary. A narrow zone of the kalsilite core at the boundary against 
nepheline shows refractive indices slightly higher than in the kernel of the kal- 
silite core. This kind of observation may be made only by using phase-contrast 
optics in polarized light and is, unfortunately, very difficult to reproduce in a 
photomicrograph. This narrow kalsilite zone, evidently, is poorer in the content 
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of the potassium component than the kernel of the core and represents a product 
of incomplete exsolution that has not reached equilibrium. 

The series of photomicrographs (Plates 1, figs. A-D, and 2, figs. A—B) illus- 
trating the progressing stages of exsolution in the complex nepheline-kalsilite 
phenocrysts is schematically summarized in Fig. 5, the explanation of which 
needs only a few comments. All intermediate steps between the stages I-V 
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Fic. 4. Bottom: Complex nepheline-kalsilite phenocryst of 

specimen S. 88 = VM. 358 from Baruta. Section parallel to 

the optic axis. A—A represents the broken line along which 

the intensity of the emitted potassium Ka line was measured 

at 10-micron intervals with the electron micro-probe. Top: 

Intensity readings obtained, plotted against the position of 
the analysis point in the crystal. 


presented in the figure are found in the rocks studied. The very existence of this 
continuous series is considered a proof for the interpretation of the homogeneous 
kalsilite core of the stage V as a product of exsolution and not as an original crys- 
tallizate of the lava. In the cases in which the composition of this non-perthitic 
kalsilite core has been determined by powder pattern, it has been found to be 
mostly 90 or more mol. per cent Ks. The crystallization of such potassium-rich 
phenocrysts from lavas having the composition of the Nyiragongo rocks must 
be considered highly improbable. 
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It is well known that, besides hexagonal kalsilite, pure KAISiO, has another 
high-temperature modification of orthorhombic symmetry. According to Tuttle 
& Smith (1958), the transition temperature is 840° C and rises rapidly with in- 
creasing content of NaAISiO,. Taking into consideration the information avail- 
able about the temperature that prevails in the top part of the Nyiragongo lava 
lake and, on the other hand, the experimental data about the phase relations in 
the nepheline-kalsilite series presented by Tuttle & Smith (1958), it seems most 
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Fic. 5. Schematic presentation of the exsolution phenomena in the complex 

nepheline-kalsilite phenocrysts. I. Homogeneous crystal of a potassium-rich high- 

temperature phase as originally crystallized from the lava. Composition possibly 

around 70 per cent Ks. II. Beginning exsolution. Cryptoperthitic to finely micro- 

perthitic kalsilite core. Nepheline drops hanging from the margin. III. Coarsely 

microperthitic kalsilite core surrounded by a narrow zone of nepheline-free kalsi- 

lite and a continuous margin of homogeneous nepheline. IV. Core of a homo- 

geneous kalsilite phase containing a few thick nepheline lamellae perpendicular 

to the c-axis and sometimes connected by a nepheline plug parallel to the c-axis. 

Fairly thick homogeneous nepheline margin. V. Homogeneous kalsilite core in 

rectangular outlines against a very thick nepheline margin. Composition of the 

kalsilite core 90 or more per cent Ks. 

probable that the crystallization of the phenocrysts of, say, more than 90 mol. 
per cent Ks would have occurred in a temperature range in which the ortho- 
rhombic KAISiO, is stable. According to the authors cited, the transition is 
sluggish and, therefore, traces of the orthorhombic phase could probably have 
been preserved in the phenocrysts as relicts. The X-ray data presented by Ban- 
nister & Hay (1942), Kunze (1954), and Smith & Tuttle (1957) reveal a marked 
pseudo-hexagonal nature of the orthorhombic KAISiO, that is closely related 
to hexagonal kalsilite. For that reason, a relict trace of the orthorhombic 
phase, if present, could be expected to occur coaxially with kalsilite, the c-axes 
of the two phases being parallel to each other. Several c-axis Weissenberg 
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photographs taken of the kalsilite cores of the phenocrysts of specimen S. 88 = 
VM. 358 failed, however, to show reflections attributable to the orthorhombic 
phase. Nor could the presence of the orthorhombic phase be detected by powder 
pattern. The absence of the orthorhombic phase is, of course, no conclusive 
evidence for the interpretation of the homogeneous kalsilite cores as products of 
exsolution below the high-low transition temperature of kalsilite, but it may be 
regarded as favouring this interpretation. 

The interpretation of the nepheline margin of the complex nepheline-kalsilite 
phenocrysts as a product of exsolution has its plutonic analogy in the interpreta- 
tion of the texture found in the granite from Quincy, Massachusetts. In that 
granite, according to Tuttle (1952), fine-grained plagioclase occurs interstitially 
between large grains of alkali feldspar and is interpreted as having unmixed 
from the potassium-bearing phase. The texture of the Quincy granite represents 
an intermediate stage between a perthite granite showing no interstitial plagio- 
clase and a microcline—plagioclase granite with little or no perthite material. 
Quenching experiments made with synthetic preparations of nepheline-kalsilite 
solid solutions by Tuttle & Smith (1958) and with natural complex phenocrysts 
of the Kabfumu lava by Sahama (1957) show that the rate of unmixing is far 
more rapid in the potassium-rich part of the nepheline-kalsilite system than in 
the feldspars. This fact will explain why even the thermal history of a volcanic 
rock will allow a sufficient diffusion of the alkali atoms to form a nepheline 
margin in the crystal. The coaxial orientation of the two phases is a natural 
consequence of the close relationship between the crystal structures of nepheline 
and kalsilite. 


History of crystallization 


As has been shown in a recent study published by Donnay, Schairer, & 
Donnay (1959), nepheline solid solutions may be divided into three composi- 
tional sub-phases termed ‘subpotassic’, ‘mediopotassic’, and ‘perpotassic’. Slight 
differences in crystal structure between these sub-phases are predicted and 
evidence is presented making it most probable that the crystal structure deter- 
mination by Buerger, Klein, & Donnay (1954) and Hahn & Buerger (1955) was 
carried out on a mediopotassic nepheline, the composition of which is close to the 
mediopotassic—perpotassic transition. In accordance with the general statement 
expressed by Miyashiro (1951), the potassium content in the nephelines of the 
feldspar-free lavas of Nyiragongo varies within a rather wide range. So far, 
subpotassic nephelines have not been detected and may probably not be anti- 
cipated in these potassium-rich lavas. Mediopotassic nephelines have been 
found in a number of flows, but are less common among the lavas of which the 
nepheline composition has been determined by powder pattern. A most charac- 
terisitic feature of the Nyiragongo rocks is, however, the very common occur- 
rence of perpotassic nephelines, the composition of which ranges higher in 
potassium content than in rocks of any other area described in the literature. 
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Both mediopotassic and perpotassic nephelines have been identified as pheno- 
crysts as well as in the groundmass. The composition seems to depend largely 
on the presence and amount of leucite in the rock. The more leucite is present in 
the rock, the poorer in potassium is the nepheline. The most potassium-rich 
nepheline found so far, in such Nyiragongo lavas as are virtually free from 
kalsilite, contains c. 45 mol. per cent Ks. 

The relationship between the composition of the nepheline phase, of the 
coexisting alkali feldspar phase, and of the salic normative composition of 
the host rock (excluding normative anorthite) has been studied by Tilley (1952, 
1954, 1956). Following his way of presentation, a review of the normative 
rock versus modal nepheline and kalsilite in Nyiragongo rocks, plotted in 
the phase diagram SiO,—NaAlSiO,-KAISiO,, is given in Fig. 6. As is evident 
from the figure, the general trend of the nepheline composition in kalsilite- 
free Nyiragongo lavas (excluding the Nepheline Aggregate flows) versus norma- 
tive host rock exhibits a relation similar to that found by Tilley for volcanic 
parageneses. For the three kalsilite-bearing lavas included in the diagram, the 
tie lines connecting nepheline composition with normative rock follow the 
same trend. The tie lines connecting kalsilite composition with normative rock 
are, however, entirely opposed to this trend. This behaviour, for which the three 
kalsilite-bearing rocks of Fig. 6 are just illustrative examples, is independent of 
the mode of occurrence of kalsilite in the rock, whether as phenocrysts with 
differing degrees of exsolution, or in the groundmass. The kalsilite-bearing 
phenocrysts evidently must have crystallized at high temperatures far above 
the nepheline-kalsilite solvus of the sub-solidus range. For these phenocrysts, 
the kind of relationship between composition of kalsilite and host rock is here 
interpreted as indicative of non-equilibrium between phenocrysts and ground- 
mass in the lower temperature range. This suggestion was already expressed by 
Tilley (1956). Through rising under turbulent currents of the lava, the pheno- 
crysts have been removed from their initial environment of crystallization and 
have been accumulated in the rock in which they now occur. 

True enough, the accumulation of phenocrysts of the light constituents, owing 
to the crystal rise under turbulent currents, is a process of considerable im- 
portance on Nyiragongo. The interpretation of the kalsilite-bearing pheno- 
crysts as being foreign to their present host rock does not, however, provide 
any explanation as to their initial environment of crystallization. As is seen from 
Fig. 6, the variation of the bulk chemical composition of the Nyiragongo lavas 
covers a relatively narrow range on the leucite-nepheline phase boundary. 
Despite a special search, rocks of normative composition, the fictive points of 
which would lie essentially towards K AlSiO, from the dotted area in Fig. 6 have 
not been found. This very fact suggests that the lava from which the complex 
nepheline—kalsilite phenocrysts have originally crystallized has not been chemi- 
cally much different from the lava in which the phenocrysts now occur. If those 
extremely potassium-rich lavas had existed in the Nyiragongo magma chamber, 
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some traces indicating their presence should have been preserved among the 
many flows that have been studied. 
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Fic. 6. Normative rock versus modal nepheline and kalsilite in rocks of Nyira- 
gongo, presented in the phase diagram SiO,-NaAlISiO,-KAISiO, .O, = ortho- 
rhombic KAISiO, solid solutions. H, = tetrakalsilite solid solutions. Dotted area 
covered by existing rock analyses. Dashed lines combine the area of normative rock 
with the range of modal nepheline of the Nepheline Aggregate lava (right arrow 
on the bottom of the figure) and by other lavas (left arrow). Heavy lines combine 
normative rock with modal nepheline and kalsilite in the three kalsilite-bearing 
rocks: 1. Specimen S. 88 = VM. 358 from Baruta. 2. Specimen S. 80 from Shaheru. 

3. Specimen FEAE No. 83 from the Kabfumu flow. All data in wt. per cent. 
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Fic. 7. Intensity of Ka radiation emitted from a row of points at 20-micron 

intervals along a line across a nepheline phenocryst. Measured with the electron 

micro-probe of the Bureau de Recherches Géologiques et Miniéres. Specimen 

FEAE No. 93. Nepheline Aggregate lava. Elevation 2950 m on the path leading 
from the Kibati Rest House to the top of Nyiragongo. 


According to the discussion just presented, the crystallization of the complex 
nepheline-kalsilite phenocrysts must be explained as having occurred in a lava 


162 TH. G. SAHAMA—KALSILITE IN LAVAS 


of composition essentially similar to that of their present host rock. The inter- 
pretation will here be based on the experimental work carried out by Tuttle & 
Smith (1958) that represents the most recent study of the phase relations in the 
nepheline-kalsilite system. The phase relations in the potassium-rich end of this 
system are very complicated, especially in the sub-solidus range between the 
solidus and the solvus. For that reason, the phase relations indicated by these 
authors cannot yet be considered final but to represent a first and very valuable 
reconnaissance of that part of the system. For interpreting the crystallization of 
the complex nepheline-kalsilite phenocrysts in Nyiragongo lavas, the range 
between solidus and solvus is, however, of less importance. The main attention 
is to be paid to the liquid-solid relations for which the existing data are, perhaps, 
more advanced. 

In addition to the nepheline solid solutions and to the orthorhombic 
(KNa)AISiO, solid solutions indicated by the studies of Bowen (1917) and of 
Schairer (1950), Tuttle & Smith (1958) report a third phase, tetrakalsilite 
(designated H,) of provisional composition K,;NaAl,Si,O,,, occurring possibly 
as a stable crystallization from the melt. As is shown in the phase diagram 
presented by these authors, the tetrakalsilite phase is assumed to form solid 
solutions in a relatively narrow compositional range of the nepheline—kalsilite 
system that lies between the range of the orthorhombic (KNa)AISiO, solid 
solutions (designated O,) and the nepheline solid solutions. The data about the 
stability of this phase are very confusing. Whether or not the suggested tetra- 
kalsilite solid solutions really belong to the stable crystallizations of the melt is a 
question that still needs verification. The possibility cannot be excluded that the 
phase is metastable. In addition, the possible stability of the orthorhombic 
phase, designated O, by Smith & Tuttle (1957), has not been established. Of this 
phase, only the powder pattern is known. Crystals suitable for single-crystal 
X-ray study have never been grown. Apparently O, represents a high-tempera- 
ture phase, probably crystallizing directly from the melt, either stably or 
metastably. 

As a summary of the confusing and partly contradictory experimental data 
available so far it may be noted that between nepheline and O, solid solutions 
there is a narrow compositional range over which the crystallizing melt may 
precipitate H, or O, or both. This statement certainly is very indefinite, but it is 
the best that can be made at the present state of our knowledge. The composi- 
tional limits within which this statement is valid are not accurately known. Asa 
very crude approximation, these limits may probably be put at 30-35 and at 
c. 55 wt. per cent NaAlSiO,, respectively. These figures were taken from the 
liquidus curve of the phase diagram presented by Tuttle & Smith (1958) 

Table 2 summarizes the alkali contents of a number of those Nyiragongo 
lavas that have been chemically analysed and are known to contain complex 
nepheline—kalsilite phenocrysts. The analyses will not be reproduced here in full. 
The fifth column of the table indicates the weight per cent of the NaAlSiO, 
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component in (KNa)AISiO,, assuming that the total amount of alkalis present 
would be used up to form (KNa)AISiO, solid solutions. It is of importance to 
compare these figures with the figures for compositional limits of those syn- 
thetic melts indicated above from which the crystallization of the H, or O, solid 
solutions may be expected. 


TABLE 2 


Review of the alkali ratio in some Nyiragongo lavas containing complex 
nepheline-kalsilite phenocrysts 




















Wt. % 
NaAlSiO, | 
in (KNa) | 
Specimen No. Locality K,O Na,O AISiO, | Reference 
S. 88 = VM. 358 SE. part of the upper crater of | 6-42 4-85 51 | 1 
Baruta 
S$. 96 = VM. 355 NW. breach of Baruta 4:57 4-42 57 1 
FEAE No. 83 Kabfumu flow 5-80 5-38 56 1 
S. 6 Tembo flow 5-41 5-05 56 1 
S. 68 Older flows SE. of Bukanda 5-02 4:92 57 1 
S. 75 Older flows, Kibati Rest 4-96 4-52 55 1 
House | 
VM. 511 Loose block, Nyiragongo 7:16 5-26 50 not pub- 
lower platform lished 
VM. 269 Lava at the‘cape’, Nyiragongo| 6-30 4-68 50 | not pub- 
upper crater | lished 





1. Sahama & Meyer (1958) 


The figures presented in the fifth column of Table 2 lie very close to the 
sodium end of the compositional range within which the melt may precipitate H, 
or O,. A few comments are here needed. The rocks listed in Table 2 show no 
leucite or contain it in only very subordinate amounts, merely as an accessory. 
On the other hand, all these rocks show melilite as one of the main constituents, 
both as phenocrysts and in the groundmass. Owing to the small grain size 
of the groundmass, an accurate micrometric analysis of the rocks is not possible. 
It seems, however, very likely that the content of melilite in these rocks may 
range as high as 20-30 per cent; in some rocks probably even higher. The few 
analyses of melilite from Nyiragongo rocks published by Sahama & Meyer 
(1958), supported by some unpublished Nyiragongo melilite analyses, show 
regularly a content of slightly more than 3 per cent Na,O and only a few tenths 
per cent of K,O. The Nyiragongo clinopyroxenes, analyses of which have been 
included in the paper mentioned, are poor in alkalis, containing less than | per 
cent Na,O and virtually no potassium. 

The comments just presented make it very likely that the figures of the fifth 
column of Table 2 are actually too high and that the alkali ratio of the lava 
effective in precipitating the (KNa)AISiO, solid solutions must be shifted 
slightly in favour of potassium. Accordingly, it may be understood that in the 
earliest stages of crystallization some of the Nyiragongo lavas may precipitate 
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solid solutions of (K Na)AISiO, as phenocrysts that, on exsolution, yield the 
complex nepheline—kalsilite crystals. Whether the crystal structure of these 
crystallizing phenocrysts was originally that of nepheline or of tetrakalsilite 
(H,) or of the O,-phase cannot be told. It is also not possible to decide whether 
these first precipitates have crystallized as stable or metastable constituents. 

The effective alkali ratio of the Nyiragongo lavas discussed above has evidently 
been very close to the limit at which a crystallization of H, or O, from synthetic 
(KNa)AISiO, melts still seems possible. This very fact makes it most likely that 
only relatively small amounts of crystals of the composition of the H,- or O,- 
phase could have been precipitated. An enrichment of these crystals through 
crystal-rise under turbulent currents has been necessary to produce the rocks that 
contain numerous aggregates of the complex nepheline-kalsilite phenocrysts. 

Microscopic evidence is available indicating that, very soon after the pre- 
cipitation, these phenocrysts of the composition of H, or O, have become 
unstable with respect to the molten lava. In the preceding chapter dealing 
with the exsolution phenomena in the complex nepheline-kalsilite phenocrysts, 
the homogeneous nepheline margin surrounding the kalsilite-bearing core of the 
crystals was interpreted as resulting from exsolution at temperatures below the 
solvus. In Fig. 3 it is shown that, in coherent aggregates in which the crystals 
exhibit a relatively early stage of exsolution, the nepheline margin mostly occurs 
in spots where a crystal is in contact with the groundmass surrounding the 
aggregate. This observation indicates that, after the formation of the aggregate, 
a certain alkali exchange occurred between phenocryst and liquid phase: in 
other words, that the phenocryst has become unstable and has started to react 
with the molten lava. Granted sufficiently slow cooling, the complex pheno- 
crysts would be entirely transferred into homogeneous nepheline. Accordingly, 
to the development of the nepheline margin must be assigned two separate pro- 
cesses—exsolution of the potassium-rich core and a chemical readjustment with 
the surrounding liquid or solid groundmass. 

Evidence of more advanced stages of this chemical readjustment has been 
found in several lavas. From the crushed and separated material of specimen 
S. 96 = VM. 355 from Baruta, a few crystals were picked out under the binocu- 
lar miscroscope exhibiting a clearly visible, relatively coarse, microperthitic 
texture. Despite the microperthitic texture revealed by the arrangement of inclu- 
sions, c-axis Weissenberg photographs disclosed only a nepheline phase. No sign 
of kalsilite could be detected. In several thin sections of specimen S. 88 = VM. 
358, also from Baruta, single phenocrysts may be found in which the core is free 
from inclusions or in which the inclusions in the core are arranged in a manner 
indicating a microperthitic texture. The refraction and birefringence of the core, 
however, are similar to those of the margin. In such crystals the core evidently 
has been kalsilite-bearing but, through alkali exchange with the groundmass, 
the kalsilite phase has been transferred into nepheline. This chemical readjust- 
ment occurred at high temperatures, with the molten lava as well as with the 
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crystalline groundmass, in the subsolidus range: even below the solvus. How far 
the alkali exchange with the groundmass has been allowed to proceed, depends on 
the thermal history of that particular lava mass and varies from flow to flow and 
even from spot to spot within the same flow. 

The history of crystallization of the complex nepheline—kalsilite phenocrysts dis- 
cussed above makes it very understandable that the lavas of the volcano Etinde 
in the Cameroons (Esch, 1901; Tilley, 1953), though exhibiting a certain analogy 
with the Nyiragongo lavas, do not contain any similar complex phenocrysts. 


165 


THE GROUNDMASS 


As has been pointed out above (p. 153), the difference in refraction and bire- 
fringence between nepheline and kalsilite is too slight for a successful distinction 
between these two minerals in thin section provided that they occur as separate 
grains. In addition, no methods of staining similar to those used in distinguishing 
potassium feldspar from sodium feldspar or nepheline from feldspars seem to be 
suitable for identifying kalsilite in the fine-grained groundmass of the lavas. 
Further, the grain size of the groundmass of the Nyiragongo lavas is too small 
to produce any crystals of these minerals suitable for an X-ray test by single 
crystal methods. Accordingly, the presence or absence of kalsilite in the ground- 
mass must be established by powder pattern, preferably of material that has been 
separated by heavy liquids. 

A powder-pattern test made of quite a number of specimens reveals the fact 
that, in addition to its occurrence as complex phenocrysts in several flows, 
kalsilite represents one of the main constituents of the groundmass in many 
Nyiragongo lavas. In no single thin section have any complex nepheline— 
kalsilite grains been detected in the groundmass. As far as the microscope can 
tell, all nepheline-looking grains of the groundmass are entirely homogeneous. 
The kalsilite that, according to the powder pattern, is present must evidently 
occur in grains separate fromi those of nepheline. 

The complex nepheline-kalsilite phenocrysts were interpreted as precipitates, 
stable or metastable, at the very first stages of crystallization. Their relict pre- 
servation in the lava up to the moment of extrusion became possible through 
mechanical accumulation into aggregates and, during extrusion, through rapid 
cooling of the lava mass into a temperature range in which the phenocrysts 
could no longer react with the solidifying groundmass. In contrast to this origin 
of the kalsilite-bearing phenocrysts, the kalsilite phase of the groundmass is 
evidently of an entirely different genesis. The crystallization of the groundmass 
occurred mostly during or after extrusion in a temperature range that is con- 
siderably lower than that of the crystallization of phenocrysts. The crystalline 
constituents found in the groundmass have been formed virtually simultaneously 
or, at the most, exhibit only slight traces of an existing order of crystallization. 
This is true in lavas that occur in typical flows on the outer slopes and on the 
foot of the mountain, On top and in the craters of Nyiragongo, Shaheru and 
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Baruta, however, some rock types are found the textures of which suggest that 
chemical readjustments have taken place even after the crystallization of the 
groundmass. It seems very possible that those textures, which will not be de- 
scribed here in any detail, resulted from a thermal history of the particular lava 
that deviates from the simplest thermal history of an extruding flow. The insides 
of the three big craters mentioned seem to provide an opportunity for relatively 
slow cooling and even for a certain reheating of parts of the crater walls, which 
would be able to produce thermal metamorphism. 

Accurate data for the temperatures of final consolidation of the Nyiragongo 
lava flows are not available. The fact, however, that nepheline and kalsilite have 
been found as coexisting phases in the groundmass of many Nyiragongo lavas 
makes it evident that the crystallization of the groundmass must have extended 
down to temperatures below the solvus in the nepheline-kalsilite system. The 
temperature range in which the crystallization of the groundmass occurred has 
apparently been very limited and the rate of crystallization rapid. Under such 
circumstances, crystallizations relict from higher temperature ranges do not occur 
to any noticeable extent, but the entire paragenesis found in the groundmass 
represents an assemblage characteristic of relatively low temperatures. 

Besides clinopyroxene, and olivines of the forsterite-fayalite or of the monti- 
cellite—kirschsteinite series, that are present in varying amounts, kalsilite is con- 
stantly accompanied by nepheline and melilite. So far, lavas with a kalsilite- 
bearing groundmass have not been found in the Nyiragongo area from which 
nepheline or melilite would be absent. Leucite may occur in moderate amounts, 
but lavas containing very large amounts of leucite have not revealed kalsilite 
among the constituents of the groundmass. The composition of the kalsilite is 
mostly well above 90 mol. per cent Ks and that of the coexisting nepheline at 
30-35 mol. per cent Ks. 

The existence of the solvus in the nepheline-kalsilite system is beyond doubt. 
However, the accurate temperatures limiting the two-phase area as given by 
Tuttle & Smith (1958) may probably not be applied in estimating the tempera- 
tures of crystallization of the groundmass. According to these authors, the top 
of the solvus, corresponding to a composition of c. 30 wt. per cent NaAlSiO,, 
lies at about 1050° C. On the other hand, the heating experiments with the com- 
plex phenocrysts of the Kabfumu lava (Sahama, 1957) made it evident that the 
temperature of the reversible reaction tetrakalsilite <> microperthitic kalsilite is 
c. 860° C. The average composition of the Kabfumu lava phenocrysts lies not 
far from the composition at which the solvus reaches its maximum in the syn- 
thetic nepheline-kalsilite system. The difference between the two temperatures 
mentioned, viz. c. 200° C, makes it very possible that the entire solvus effective 
in the natural lavas of Nyiragongo is below the solvus found by Tuttle & 
Smith (1958). For that reason, an estimation of the temperatures of crystalliza- 
tion on the basis of the compositions of the coexisting nepheiine and kalsilite 
phases in the groundmass of the Nyiragongo lavas will not be attempted. 
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Of the types of lava from Nyiragongo in which kalsilite has been detected only 
in the groundmass, several new chemical analyses have been made. These 
analyses will be published on a later occasion. The alkali ratios exhibited fall 
within the range occupied at low temperatures by the two-phase area of the 
nepheline-kalsilite system. If, as is the case in the kalsilite-bearing rocks, too 
much potassium is not used up for leucite, nepheline and kalsilite must crystallize 
as separate phases. It is evident that the kalsilite phase formed must be relatively 
poor in sodium and, on the other hand, that the nepheline phase must be con- 
siderably poorer in potassium than the very potassium-rich phenocrysts of the 
Nepheline Aggregate lavas to be discussed below. Yet, the nepheline occurring 
in the groundmass of these kalsilite-bearing lavas must belong to the perpotassic 
sub-phase of the mineral. 


THE NEPHELINE AGGREGATE LAVAS 


Among the Nyiragongo rocks studied, the lavas of the Nepheline Aggregate 
flows occupy a special position. Evidently, the Nepheline Aggregate flows 
represent the last extrusions of lava emitted by the main crater of Nyiragongo. 
Petrographically, the rocks are glomeroporphyritic leucite—melilite—nephelinites 
with characteristic aggregates of nepheline phenocrysts. Kalsilite is extremely 
rare. In some forty thin sections of these flows available to the author, only 
one showed one single phenocryst of microperthitic kalsilite. 

The composition of nepheline occurring as phenocrysts in the Nepheline 
Aggregate lavas varies very much. The limits recorded so far are c. 25 and 
c. 45 mol. per cent Ks, respectively, thus ranging higher in potassium content 
than the nephelines found in other Nyiragongo flows. As is shown by Fig. 6, the 
tie lines connecting normative rock and modal nepheline clearly deviate from 
the general trend found by Tilley (1952, 1954, 1956) for volcanic associations 
and also exhibited by the other Nyiragongo flows. This very fact suggests that 
the nephelines found as phenocrysts in the Nepheline Aggregate lavas represent 
crystallizations at very high temperatures. Despite the fact that the origin of the 
nepheline aggregates is difficult to understand without assuming crystal-rise 
under turbulent currents in the molten lava, it is evident that the crystallization 
of the nepheline phenocrysts must have occurred from a lava not essentially 
different in bulk composition from the present host rock. The reasoning under- 
lying this conclusion is the same as that presented for the crystallization of the 
complex nepheline—kalsilite phenocrysts (p. 160). 

The interpretation of the nepheline phenocrysts of the Nepheline Aggregate 
lavas as very first crystallizations at exceedingly high temperatures is supported 
by the zoning commonly found in the crystals. Similar zoning has not been dis- 
covered in the nepheline phenocrysts of the other Nyiragongo lavas. In the 
glass-clear nepheline phenocrysts of the Nepheline Aggregate lavas the zoning 
is very difficult to detect and may easily be overlooked unless special methods 
are used. The zoning is not indicated by any regular arrangement of inclusions 
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nor by sharp zone boundaries. In a thin section of ordinary thickness between 
crossed nicols the crystals look homogeneous. If the section is left, say, five 
times as thick as ordinarily used in microscopy, then a narrow zone is found on 
the margin of many nepheline crystals that shows an interference colour higher 
than that in the core. The reverse relationship between the interference colour of 
the margin and of the core has not been recorded. For obtaining an idea of the 
magnitude of the effect, the retardation was measured of such a thick nepheline 
crystal from specimen FEAE No. 86, with the Berek compensator. The crystal 
was cut parallel to the optic axis. The ratio of the retardations in the margin and 
in the core was found to be 1-1: 1. In ordinary thin sections in which nepheline 
exhibits a grey interference colour, such a slight difference is at the limit of 
detection. By using a rotating (elliptical) mica compensator (Sahama, 1960) 
between slightly inclined nicols the difference becomes visible (Plate 2, fig. D). 

The zoning was further tested with the electron micro-probe. The intensity of 
potassium Ka radiation emitted from a row of points along a line across a 
nepheline phenocryst was measured. The phenocryst subjected to the test 
showed a narrow margin with very slightly higher birefringence. The result of the 
measurement is reproduced in Fig. 7 (p. 161). As is shown by this figure, the 
potassium content is higher in the large core and decreases rapidly in a narrow 
zone on both margins of the crystal. The nepheline phenocrysts of the particular 
specimen from which the single crystal was tested by the electron micro-probe 
have been chemically analysed and contain 42-1 mol. per cent Ks (Sahama, 
1953a; Smith & Sahama, 1954). Assuming as a very crude approximation that 
the average composition of the nepheline phenocryst of Fig. 7 equals the average 
composition of the nepheline phenocrysts indicated by the chemical analysis, 
the lowering of the intensity of the potassium Ka radiation at the very margin 
of the crystal would correspond toa decrease in the content of the K AISiO, com- 
ponent by c. 10 mol. per cent. From this result the conclusion follows that, in the 
perpotassic nephelines studied, the birefringence decreases with increasing 
potassium content of the mineral. This behaviour is opposite to the change of 
birefringence when passing over from nepheline to kalsilite, thus stressing the 
optical discontinuity at the compositional limit between these two phases. In the 
specimen (FEAE No. 93) of which the phenocryst was tested with the electron 
micro-probe, the composition of the nepheline that occurs in the groundmass 
was found to be c. 27 mol. per cent Ks. 

The Nepheline Aggregate lavas contain leucite, partly as phenocrysts and 
partly in the groundmass. Accordingly, the alkali ratio effective for precipita- 
tion of the (KNa)AISiO, solid solutions was not favourable for producing 
very potassium-rich phenocrysts such as the phases H, or O,. Instead, very 
potassium-rich nephelines were formed that, with rapidly decreasing tempera- 
ture, were coated by a less potassium-rich margin. The composition of this 
margin is more conformable with the nepheline compositions found in other 
Nyiragongo flows. 
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The very potassium-rich composition of the nepheline phenocrysts in the 
Nepheline Aggregate lavas is paralleled by the composition of the nepheline 
crystals found swimming in the lava lake of Nyiragongo (cf. p. 152). This fact 
suggests that the composition of the molten lava existing in the present-day lava 
lake is closely related to that of the Nepheline Aggregate lavas. The suggestion 
expressed still needs verification on the basis of analytical data, the production 
of which is in progress. 
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EXPLANATION OF PLATES 


PLATE 1 


Fic. A. Microperthitic texture in the core of a complex nepheline-kalsilite phenocryst showing 
thin lamellae of nepheline in a kalsilite base. Specimen FEAE. 83. Kabfumu flow between Mt. 
Nyiragongo and Mt. Mikeno. Nicols crossed. Magnification x 7-5. 

Fic. B. Drop-like development of the nepheline margin surrounding a microperthitic kalsilite core. 
Specimen VM. 525. Wall of the inner pit of Nyiragongo at an elevation of 3135 m. Nicols crossed. 
Magnification x 7-5. 

Fic. C. Development of a narrow nepheline-free kalsilite zone between the coarsely microperthitic 
kalsilite core and the homogeneous nepheline margin. Specimen VM. 510. Block on the lower plat- 
form of Nyiragongo. Nicols crossed. Magnification x 80. 
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Fic. D. Complex nepheline-kalsilite phenocryst, showing an intermediate step in the gradual dis- 
appearance of thin nepheline lamelle of the microperthitic kalsilite proper, at the expense of thick 
nepheline lamellae and rectangular nepheline patches. Specimen VM. 511. Loose block on the lower 
platform of Nyiragongo. Nicols crossed. Magnification x 7-5. 


PLATE 2 


Fic. A. Complex nepheline-kalsilite phenocryst with no remaining microperthitic texture. The core 
contains two thick regular lamellae of nepheline perpendicular to the c-axis, a nepheline plug parallel 
to the c-axis combining them, and a few more or less rectangular nepheline patches in a kalsilite base. 
Specimen VM. 511. Loose block on the lower platform of Nyiragongo. Nicols crossed. Magnification 
x 120. 

Fic. B. Complex nepheline-kalsilite phenocryst with homogeneous kalsilite core in rectangular 
outlines surrounded by nepheline margin. Specimen S. 88 = VM. 358 from Baruta. Nicols crossed. 
Magnification x 85. 

Fig. C. Portion of the crystal of Fig. 9 photographed with high-power objective. Note the narrow 
inclusion-free zone of nepheline between kalsilite core (Ks) and nepheline margin (Ne). Nicols crossed. 
Magnification x 300. 

Fic. D. Nepheline phenocryst with marginal zoning. Nepheline Aggregate lava. Specimen V M. 165. 
Fallen block on the big talus in the south-eastern part of the upper platform of Nyiragongo. Nicols 
slightly inclined. Photographed with the rotating mica compensator. Magnification x 30. 





Dissimilarity of Continental and Oceanic Rock 


Types’ 


by GORDON A. MACDONALD? 


Institute of Geophysics, University of Hawaii 





ABSTRACT 


Recent papers cite the similarity of rocks, particularly andesites, in continental and oceanic 
regions, but the similarity is primarily one of name. The oceanic ‘andesites’ belong .to the 
alkaline suite, whereas the typical continental andesites are calc alkaline and hypersthene- 
or hornblende-bearing. To avoid further confusion it is suggested that the name ‘andesite’ 
for the oceanic rocks be replaced by the names hawaiite and mugearite. Whatever name is 
used, it is essential to emphasize the difference between the oceanic ‘andesites’ and the 
andesites of continental orogenic regions. 

All members of the oceanic suite are present also in continental regions, but the calc 
alkaline rocks characteristic of orogenic regions on the continents are absent within the true 
ocean basins, except in island arcs near the continents that were formerly regarded as the 
continental border. 


THE ANDESITE CONFUSION 


SOME 20 years ago, when I was starting my petrographic work in the Hawaiian 
Islands, I was faced with the problem of what name to apply to Hawaiian lavas 
in which the dominant feldspar is andesine or oligoclase. I chose to call them 
‘andesite’ (Macdonald, 1942b, 1949a, 1949b). They are andesite according to 
the Rosenbusch system of rock nomenclature, which I was then following, and 
also according to some other systems. For example, most of them are ande- 
sites in the recent Rittmann (1952) classification, whether they be named in 
that classification on the basis of modal or chemical composition; although 
others, to be sure, fall into the category of basalts. Furthermore, the separation 
on the basis of feldspar composition has proved very satisfactory both in field 
mapping and in the study of the petrology of the islands. 

Nevertheless, it now appears that the choice of names may have been poor. 
Recently, in both published and unpublished literature, I have several times 
encountered the attitude that, since both basalts and andesites are present in 
each, there is no real difference between the volcanic rocks of the continents 
and ocean basins. This assertion is supported by reference to my papers on 
Hawaiian petrography. But ‘andesites’ are not all alike! The ‘andesites’ of the 
Hawaiian and other islands of the mid-Pacific Ocean are decidedly not the same 
as the typical andesites of continental regions. This should be obvious from the 
published descriptions of the rocks, but it appears that in some instances the 
name has been accepted without careful reading of the description. 


* Hawaii Institute of Geophysics, Contribution No. 12. 
2 Address: as above; Honolulu 14, Hawaii. 
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The Hawaiian ‘andesites’ consist essentially of andesine or oligoclase, mono- 
clinic pyroxene, magnetite, ilmenite, and a little olivine. Mafic minerals gener- 
ally make up about half the rock. (The colour index ranges from about 35 to 
60, and is generally greater than 45.) Independent grains of alkalic feldspar are 
recognized only very rarely, although the late-crystallized plagioclase probably 
is at least in part potassic (Macdonald, 1942a). Pale phlogopitic biotite of late 
magmatic or deuteric origin is widespread, but very small in percentage. Horn- 
blende is very rare, and when present forms only tiny, very pale grains. Tiny 
grains of a riebeckite-like amphibole are present in a few of the oligoclase- 
bearing rocks. Hypersthene is absent. Thus the Hawaiian ‘andesites’ are minera- 
logically very different from the typical hypersthene andesites, two-pyroxene 


- andesites, and hornblende andesites of the continental regions. The difference 


is obvious also from chemical analyses, as shown in Table |. It will be seen that 
not only is the total silica content lower, but the ratio of silica to alkalis is much 
lower in the Hawaiian rocks than in the continental rocks. Most norms of 
Hawaiian ‘andesites’ contain olivine, and none contains more than 2 per cent 
of quartz. Niggli gz values range from +15 to 458, as compared to a range of 
about 0 to +70 in continental andesites. The typical continental andesites 
belong to the ‘hypersthenic suite’ of Kuno (1950, pp. 992-4), whereas the 
Hawaiian ‘andesites’ are related to, and grade into, the ‘akali olivine basalts’ 
of Tilley (1950, p. 42). 

The difference between oceanic and typical continental andesites being estab- 
lished, then if the use of the name ‘andesite’ for the oceanic rocks causes 
confusion some other name should be used for them. For those in which the domi- 
nant feldspar is oligoclase, the well-established name mugearite (Harker, 1904) 
is available. However, to find an appropriate name for those in which the domi- 
nant feldspar is andesine is less simple. Daly (1911, pp. 297, 299) called some of 
them ‘andesitic basalt’, but others ‘trachydolerite’. Cross (1915, p. 30) called 
some representatives of the group, from Haleakala Volcano in Hawaii, ‘essexitic 
andesite’ or ‘trachyandesite’. Cross’s Haleakala specimens are somewhat more 
alkalic, and particularly richer in soda, than the average of the group, but even 
they differ from typical trachyandesite (Table 1, col. 9) in having less silica and 
alkalis, higher silica:alkali ratio, lower potassium:sodium ratio, more mag- 
nesia, iron oxide and calcium oxide, higher colour index, and general absence of 
modal alkali feldspar. 

Most of the rocks fall within the group called by Nockolds (1954, p. 1019) 
‘alkali andesite’. However, the adoption of this term probably would not 
eliminate the confusion that already exists as a result of use of the term ‘andesine 
andesite’. 

In the Rittmann (1952) classification, whether on the basis of modal or chemi- 
cal composition, some of the rocks are andesites, but others are basalts, and the 
average of 21 analyses (Table |, col. 1) is ‘andesine basalt’. (It should be noted 
that Rittmann did not separate alkaline from calc alkaline rock series in his 
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TABLE 1 


Average chemical composition of andesitic rock types 





























1 2 3 - 5 6 7 8 a 10 
No. of analyses 21 37 26 49 87 33 20 24 12 34 
SiO, ; f : 48-76] 47-63] 51-43] 54:20] 59-59] 57-50} 59-48] 61-12} 58-60} 49-29 
7m .-- 3 : 3-29 2-84 2-60 1-31 0-77 0-79 0-48 0-42 1-12 1-68 
ALO, . . ‘ 15-82} 14-57) 13-05] 17-17 17-31} 17-33) 17-38] 17-65] 17-47] 16-65 
Fe,O, . . ‘ 4:10 3-97 3-36 3-48 3-33 3-78 2:96 2:89 4-02 4:16 
FeO ; ‘ ¥ 7-53 7-83 9-74 5-49 3-13 3-62 3-67 2-40 3-22 5:36 
MnO. . . 0-17 0-18 0-19 0-15 0-18 0-22 0-15 0-15 0-05 0-55 
MgO . . ‘ 4-74 7-25 5-28 4:36 2-75 2-86 3-28 2-44 1-26 4-43 
ao. ; 4 7-99 9-48 8-78 7-92 5-80 5-83 6-61 5-80 4:26 7-74 
Na,O . ; . 4:50 3-75 3-18 3-67 3-58 3-53 3-41 3-83 5-75 4:54 
K,O ‘ ; A 1-58 1-20 1-04 1-11 2-04 2-36 1-64 1:72 3-67 3-19 
H,O+ . : - — 0-78 0-87 0-86 1-26 1-88 0-74 1-43 — 1-30 
P,0O, . ‘ . 0-72 0-52 0-48 0-28 0-26 0-30 0-20 0-15 0-58 0-60 
Alkali:silica ratio . | 1:8-¢0 | 1:9-6 | 1:12-2] 1:11-3] 1:10-6] 1:9-7 | 1:11-8] 1:11-0] 1:62 | 1:64 
Soda:potash ratio . | 2°8:1 | 3-1:1 | 3-O:1 | 3-3:1 | 1-8:1 | 1-S:1 | 2-1:1 | 2-2:1 16:1 | 1-4:1 
Norms 
Q : } ; — a 3-30 5-76; 15-18] 11-40] 13-98] 16-26 2:70; — 
or ; , F 9-45 7-23 6-12 6°67 11-68} 13-90 9-45} 10-01} 21-68] 18-90 
ab : ; ; 30-39) 27-25} 27-25| 30-92] 30-39] 29-87] 28-82] 32-49] 48-73] 28-82 
an : ; : 18-07} 20-02} 17-79] 27:24] 25-30} 24-46] 27-52) 26-13] 10-84] 15-57 
ne : ‘ ‘ 4-26 2:27; — — —_ — — -— 5-11 
wo. ‘ m 9-51} 10-09 9-28 4-18 0-70 1-04 2-09 0-81 2:78 8-00 
di{en. : ‘ 6-20 6-80 4-90 2: 0-50 0-70 1-40 0-60 2-00 5-40 
\ fs : ‘ J 2-64 2-51 4-09 1-32 0-13 0-26 0-53 0-13 0-53 1-98 
hy - , . . — _ 8-30 8-30 5-90 6-50 6-80 5-50 1-20 ~ 
fs . ; 3 — — 7-00 3-96 1-72 2-24 3-17 1-45 0-26; — 
ol sfo . $ ‘ 3-92 7-91 _ — — — — — 3-99 
[.. ‘ " 2-04 3-36, — _ — _ - ae _ 1-73 
mt ; ‘ 6-03 5-80} 4-87 5-10 4:87 5-57 4-41 4-18 5-80 6:96 
il ‘ ; ‘ 6-23 5-32 5-02 2-43 1-52 1-52 0-91 0-76 2-13 3-19 
ap ‘ ; p 1-68 1-34 1-34 0-67 0-67 0-67 0-34 0-34 1-34 1-34 
Niggli values 
al ; ; ; 23-3 19-6 19-3 27-6 33-7 32-1 320 35-5 33-8 246 
fm . > 41-7 47-1 47-4 37-8 30-0 32-7 32-4 27-0 25:1 38-4 
c ‘ a » 21-5 23-3 23-8 23-0 20-6 19-7 22:1 21-2 15-0 20-8 
alk ; ; " 13-5 10-0 9-5 11-6 15-7 15-5 13-5 16-3 26:1 16-2 
si . , - | 1220 | 109-0 | 130-0 | 148-0 | 197-0 | 181-0 | 186-0 | 226-0 | 193-0 | 1240 
k _ a 3 0-19 0-18 0-18 0-17 0-27 0-30 0-24 0-25 0:34 0-32 
qz 2 F - |-320 |—310 | —80 +20 14340 |4+19-:0 |432-0 |4+61-0 11-0 410 



































1. Average hawaiite of the Hawaiian Islands (Macdonald, 19495, p. 1571, col. 10). 2. Average ‘alkali 
andesite’ (Nockolds, 1954, p. 1019). 3. Average ‘tholeiitic andesite’ (Nockolds, 1954, p. 1019). 4. Average 
andesite (Nockolds, 1954, p. 1019). 5. Average of all andesites (Daly, 1933, p. 16). 6. Average augite andesite 
(Daly, 1933, p. 16). 7. Average hypersthene andesite (Daly, 1933, p. 16). 8. Average hornblende (amphibole) 
andesite (Daly, 1933, p. 16). 9. Average trachyandesite (Daly, 1933, p. 470). 10. Average ‘trachydolerite’ 
(Daly, 1933, p. 22). 


classification.) Considering this, and their generally rather high colour index 
and frequently basaltic habit in the field, I suggested in a paper presented at the 
November 1957 meetings of the Geological Society of America (Macdonald, 
1957) that all the Hawaiian rocks in which the dominant feldspar is andesine be 
grouped together under the name ‘andesine basalt’. However, this suggestion 
has met with at least as much opposition as did the term ‘andesine andesite’, 
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and subsequent discussion suggests that it may be undesirable to term the more 
leucocratic of these rocks, which may contain as little as 35 per cent dark 
minerals, ‘basalts’. 

The distinctness of the rocks in question from both typical andesites and 
basalts was recognized by Iddings (1913, 2, 198), who proposed for them the 
name hawaiite, and although I am reluctant to advocate the use of a little- 
known name, it is here proposed that this name be adopted. As originally 
defined, the name was based on the normative composition of the rock, but it is 
here proposed to broaden the definition to include the rocks, not chemically 
analysed, in which the modal feldspar is andesine. Actually, in these rocks the 
mode and norm are nearly always in close agreement. 

The name ‘hawaiiare’ had previously been proposed by Daly (1911, p. 297) 
for class IV, order 1, section 2 of the C.I.P.W. quantitative classification, includ- 
ing the oceanitic picrite-basalt of the 1852 lava flow of Mauna Loa, but was 
rejected by Washington (1917, p. 35) because of priority of Dresser’s name, 
Quebeciare. The name hawaiite is, therefore, not pre-empted. 

It is proposed to define hawaiite as a rock with moderate to high colour index, 
and frequently basaltic habit, in which the normative and modal feldspar is 
andesine, and with soda:potash ratio greater than 2:1. It generally, but not 
always, lacks normative quartz, and commonly contains normative and modal 
olivine. Hawaiite is intermediate in composition between alkali olivine basalt 
and mugearite, and grades into both. It may also be intergradational with the 
augite andesites of continental orogenic regions, but is markedly distinct from 
the hypersthenic and hornblendic andesites characteristic of those regions. 


CONTINENTAL VERSUS OCEANIC ROCK TYPES 


All of the members of the oceanic suite—tholeiitic basalt, alkali olivine basalt, 
hawaiite, mugearite, and sodic trachyte—are present also in continental regions 
(Edwards, 1935; Macdonald, 19495, p. 1592). However, the calc alkaline suite 
characteristic of orogenic regions of the continents—basalt, hypersthene ande- 
site, hornblende andesite, dacite, rhyodacite, and rhyolite—appears to be 
completely absent within the true Pacific Ocean basin, defining the latter simply 
as the area west of the continental slopes of the Americas and east of the outer- 
most island arcs of the Pacific margin of Asia. The same appears to be true of the 
other deep ocean basins. It is noteworthy that these are also the areas in which 
recent seismological research indicates the probable absence of sial. The ‘ande- 
sites’ I have studied from the Samoan and Wallis Islands are like those of 
Hawaii, and those in the Marquesas and Galapagos Islands (Gilluly, 1955, Table 
1) certainly appear from their descriptions and chemical analyses to be also 
of Hawaiian type. Indeed, with a single exception, these rocks were termed 
‘trachybasalts’ and ‘andesine basalts’ by their original describers (Chubb, 1930; 
Richardson, 1933; Washington & Keyes, 1927), the name ‘andesite’ used by 
Gilluly probably having been derived from my summary paper on Hawaiian 
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petrology (Macdonald, 1949), Table 14). Rocks from Truk (Stark & Hay, in 
preparation) are also very similar to Hawaiian types. 

Fragments of calc alkaline rocks have been dredged from the lower slopes of 
the Emperor Seamounts, in the northwest Pacific (Dietz, 1954, p. 1209). How- 
ever, as suggested by Kuno, Fisher, & Nasu (1956), it appears probable that 
these are continental rocks rafted into the area by drifting ice. 

The only possible example known to me of a calc alkaline rock actually 
originating within the true Pacific basin is a rock from Upolu Island, Samoa, 
described by R. N. Brothers (Kear & Wood, 1959, p. 38) as andesite containing 
phenocrysts of brown hornblende. However, no chemical analysis is given, and 
the description is insufficient to relate the rock definitely to either the alkaline 
or the calc alkaline suite. 

In an earlier paper (Macdonald, 1949b, p. 1588) it was suggested that sial 
might be present in the Albatross Plateau to account (by assimilation) for the 
rocks of Easter Island, which are somewhat more siliceous than is usual in 
oceanic islands. Recent seismologic work appears to confirm the existence of 
a thin layer of sial in that region (Oliver, Ewing, & Press, 1955, pp. 937, 940). 
However, the rocks of Easter Island (Bandy, 1937, p. 1600), and also the quartz- 
bearing trachytes of Samoa (Macdonald, 1944, pp. 1344-7), are decidedly 
alkalic, and intergrade with quartz-free sodic trachytes. In the Samoan trachytes 
true phenocrysts of quartz are absent, and much of the groundmass quartz is 
of very late magmatic or post-magmatic origin. Thus, the rocks of Easter Island 
and Samoa also differ markedly from typical members of the continental calc 
alkaline suite, although minor assimilation of sial may account for them contain- 
ing a little more silica in relation to other constituents than is usual in oceanic 
rocks. 

Despite the probable presence of sial beneath the Albatross Pleateau, the 
strong affinities of the silicic rocks of Easter Island with those of mid-Pacific 
islands where underlying sial is absent makes it very improbable that assimila- 
tion of sial has been a dominant factor in the formation of the Easter Island 
rocks. Indeed, evidence is rapidly accumulating that even in such island arcs 
as the Tonga and Mariana Archipelagos the formation of the calc alkaline 
rocks cannot depend on the assimilation of sial (Hess, 1955, p. 432). These arcs 
are separated from the mainland of the continents by true oceanic areas from 
which sialic crust is absent (Gaskell, 1954; Officer, 1955; Oliver, Ewing, & 
Press, 1955), and can no longer be regarded as the edge of the sialic plates of the 
continents. 

Although the ‘andesites’ and related rocks of the central Pacific islands may 
be ‘sialic’ in the very general sense that on the average they are a little (and only 
a little) richer in silica and alumina than the associated basalts, they bear little 
resemblance to rocks commonly considered typical of the sial of the continents! 
The latter rocks are wholly absent from the central Pacific, between the American 
continental slope and the outer island arcs of Asia. 
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Pelitic Gneisses with varying Ferrous/Ferric Ratios 
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ABSTRACT 


The influence of varying contents of ferric and ferrous iron on the mineral assemblages de- 
veloped in regionally metamorphosed pelitic gneisses from Glen Clova, Angus, is considered 
on the basis of petrographic, chemical, and X-ray data. The rocks described are essentially 
quartz—oligoclase-muscovite—biotite-garnet—kyanite—oxide minerals gneisses, with oxidation 
ratios ( = mol. Srey Feat =) varying from 6 to 75; rocks of widely varying oxidation ratio 
may be found intimately interbedded. 

Increasing oxidation ratios in these rocks are accompanied by increasing amounts of 
muscovite and iron oxides, and decreasing amounts of biotite and garnet. The relationship 
between interbedded layers of varying oxygen content may be represented by the equation 

Fe** eastonite (biotite)+almandine+O = muscovite+ iron oxides + quartz. 
However, the magnesium content of the rocks is contained almost exclusively in biotite, and 
the manganese content in garnet. Diminishing amounts of these minerals with increasing rock 
oxidation ratios are thus accompanied by major increases in the MgO/FeO ratios of the 
biotites, and in the MnO/FeO ratios of the garnets. 

The rocks may be more precisely classified on the basis of the oxide minerals which they 
contain: (1) ilmenite—magnetite-bearing assemblages, embracing rocks of oxidation ratio 0-37; 
(2) ilmenite—-magnetite—hematite-bearing assemblages, developed in rocks of oxidation ratio 
approximately 40; (3) magnetite—hematite-bearing assemblages, embracing rocks of oxidation 
ratio in excess of approximately 43. (1) and (3) are interpreted as ‘univariant’ assemblages at 
constant JT and P; for every rock oxidation ratio there is a specific composition for each 
mineral present, and it is in (3) that the major increase in biotite MgO/FeO ratio and in 
garnet MnO/FeO ratio is found. (2) is interpreted as an assemblage ‘invariant’ at constant 
T and P, in which over a limited range of rock oxidation ratios the compositions of the 
minerals are constant, variations in rock oxygen content being accommodated by varying 
proportions of magnetite, ilmenite, hematite, and silicate minerals. 

The confinement of rocks of varying oxidation ratio to well-defined sedimentary bands 
suggests that the differences in oxygen content are of premetamorphic, diagenetic origin; a 
correlation between oxidation ratio and both the manganese and total iron contents of the 
rocks is believed to support this. This conclusion is in harmony with recent suggestions that 
during regional metamorphism rocks in general behave as narrowly defined units ‘closed’ to 
oxygen, the oxygen partial pressure in each unit being determined by the mineral assemblage, 
and hence the original oxygen content, rather than being externally imposed. It is suggested 
that the failure of adjacent layers of differing oxygen content to reach equilibrium with each 
other is the result of a relatively low ‘oxidizing’ or ‘reducing’ capacity of the vapour phase, 
due to the mass of the solids far exceeding that of the vapour present. 

Examples of reduction of ferric iron in many thermal aureoles indicate that the thermal 
metamorphic environment, unlike the regional, is generally ‘open’ to oxygen. It is suggested 
that this difference is due to a greater mobility of ‘water’ within the abrupt thermal gradients 
of an aureole, and to the control of the oxygen/hydrogen content of this ‘water’ by the iron- 
bearing minerals of the intruded melt. 


{Journal of Petrology, Vol. 1, Part 2, pp. 178-217, June 1960} 
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WITHIN recent years petrologists have become increasingly aware of the im- 
portance of the oxidation state of iron in determining the evolution of igneous 
rock series and of metamorphic mineral assemblages. Igneous rocks have, not 
unnaturally, gained the greater share of the interest in this regard, and know- 
ledge of the behaviour of metamorphic rocks with varying oxygen contents is still 
very limited. Only in the case of a specialized suite of metasediments, the iron 
formations, and their high-grade derivatives, the eulysites (representing essen- 
tially the system Fe-Si-O-H), has any body of evidence been accumulated. 

A suite of sillimanite-, kyanite-, and garnet-bearing gneisses outcropping in 
pa Glen Clova, Angus, has widely varying ratios of ferric to ferrous iron, and shows 
red mineralogical changes which appear to reflect this variation. It is the purpose of 
ally this paper to describe these rocks as an illustration of the mineralogical changes 
ion 
tio 


ory, 


induced in pelitic metasediments by changing oxygen contents. 


GEOLOGY OF GLEN CLOVA 


i General geology 
The rocks of Glen Clova are well known through the researches of George 
Barrow (1893, 1912 a, b), this being a portion of the area in which he first enun- 
ind ‘ “ee : : ; ‘ . 
sek ciated the principle of the indexing of metamorphic zones by specific minerals. 
the Except in this, his classic contribution to petrology, Barrow’s concepts of the 
geology of Glen Clova have since been somewhat modified. Excellent descrip- 
- tions of the geological setting of Glen Clova in the eastern Grampian Highlands 
tio of Scotland and of the evolution of geological ideas in this region are to be 
on found in the Regional Guide to the Grampian Highlands of the Geological 
= Survey of Great Britain (Read & MacGregor, 1948). 
a In brief, the pre-Pleistocene rocks of Glen Clova are a series of sediments and 
nt basic igneous intrusions of Dalradian (Cambrian?) age which were regionally 
he metamorphosed during the Caledonian orogeny to pelitic gneisses, semipelitic 
mea: | gneisses, para-amphibolite (‘green beds’), and ortho-amphibolite (‘epidiorite’). 
ds They lie on the inverted limb of the Iltay nappe of Bailey (Read & MacGregor, 
a 1948) and correspond stratigraphically to the Pitlochry schist, BenLui schist, 
and green bed horizons. The rocks of the upper reaches of Glen Clova lie within 
pa Barrow’s staurolite, kyanite, and sillimanite zones, and have been extensively 
. veined by the syntectonic, ‘older’ granites, the nature of which has been dis- 
- cussed by Read (1927) and Harry (1958). 
‘. The regional gneisses in upper Glen Clova and Glen Doll have been intruded 
by the unstressed, ‘newer’ granites and diorite of late Caledonian age (Fig. 1), 
. and in a narrow aureole surrounding these intrusions have been reconstituted to 
“4 typical thermal hornfelses. 
» The predominant regionally metamorphosed sedimentary rock type in Glen 


Clova is a dense, regularly banded quariz—oligoclase—muscovite-biotite-garnet 
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ig as in Table 1. Areas of thorough Pleistocene and 


Fic. 1. Geological map of Glen Clova, showing locations of analysed specimens. Numberin 


Recent cover left blank. 
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gneiss of variable grain size ranging from greywacke (i.e. plagioclase-rich) to 
shaly (i.e. mica-rich) facies and occasionally containing angular pebbles, reach- 
ing several centimetres in length, of recrystallized quartzite. With an increase in 
mica content and the appearance of the aluminium silicates kyanite and silli- 
manite, these rocks grade into the pelitic gneisses which, as more or less well- 
defined bands ranging in thickness from a few centimetres to several metres, are 
interbedded with them. The pelitic gneisses form the subject of this paper. 


The pelitic gneisses 

The pelitic gneisses may be divided into three very well-defined groups on the 
basis of the opaque minerals present: (1) the i/menite-magnetite-bearing assem- 
blages; (2) the ilmenite-magnetite-hematite-bearing assemblages; and (3) the 
magnetite-hematite-bearing assemblages. For the purposes of petrographic 
description (1) may be referred to as ‘hematite-free gneisses’, while (2) and (3) 
may be grouped together as ‘hematite-bearing gneisses’. In practice, the hema- 
tite-free gneisses may be recognized by their content of a reddish-brown biotite, 
while the hematite-bearing gneisses are rendered very distinctive by the abun- 
dance of muscovite and oxide minerals, and the presence of a bright-green 
biotite. 

The greater proportion of the Glen Clova pelitic gneisses are hematite-free, 
the hematite-bearing types being comparatively rare. The main outcrop of the 
hematite-bearing gneisses and their associated more siliceous metasediments is 
confined to a band approximately 300 ft thick, conformable to the virtually 
horizontal bedding of the surrounding hematite-free pelitic and psammitic 
gneisses in the lower crags of Bassies and the Hill of Strone (Fig. 1), and lying 
approximately 500 ft below (stratigraphically above) the outcrop of amphibolite 
of the green bed horizon which forms the summits of these hills. While hematite- 
free and hematite-bearing gneisses are not generally closely associated, along 
the upper and lower portions of the major hematite-bearing band intimately 
interbedded lenticles of the two types, an inch or so thick, may be found. 

This sequence may only be traced laterally for some 2 miles, being terminated 
to the south-east by a possibly faulted contact against amphibolite of the green 
bed horizon, and to the north-west by the boundary of the Glen Doll intrusion. 
However, Barrow’s (1893) description of mica gneisses rich in iron oxides from 
outside the confines of Glen Clova leaves little doubt that hematite-bearing 
gneisses may be found along the regional strike at least as far as Glen Esk, some 

13 miles north-eastward. 


Metamorphic grade of the pelitic gneisses 

In his pioneer work Barrow (1893, 1912a) placed the sillimanite isograd (i.e. 
the line joining the outer limit of sillimanite occurrences) as passing by Ben Reid 
in an almost direct line across Glen Clova to Driesh (Fig. 1). Sillimanite-bearing 
rocks may, however, be found along the south side of the Glen as far as the 











182 G. A. CHINNER—PELITIC GNEISSES FROM SCOTLAND 


green bed outcrop shown in Fig. 1. It is therefore apparent that the sillimanite 
isograd lies at least a mile to the south-eastward of Barrow’s position, although 
due to the occurrence here of amphibolite and Pleistocene glacial cover, the 
exact line cannot be established. Harry’s (1958, p. 396) map indicates a similar 
conclusion. 

All of the rocks described in this paper lie technically on the outer fringe of 
the sillimanite zone; of the eleven analysed, eight were collected within an area 
of 1 mile radius (Fig. 1), and the other three came from localities no farther than 


4 miles from this. As well as can be judged, they are all of the same metamorphic 
grade. 


PETROGRAPHY 
The hematite-free gneisses (Fig. 2) 


The hematite-free gneisses comprise a group of considerable textural variety. 
The basic type is a kyanite-garnet—biotite-muscovite—ilmenite—magnetite- 
graphite—quartz-plagioclase gneiss with minor amounts of tourmaline, apatite 
and zircon, and, rarely, grains of pyrite or chalcopyrite. The texture of these 
rocks is usually coarsely gneissic, with elongated lenticles or irregular aggregates 
of quartz and feldspar, interspersed with foliae of biotite, muscovite, and kyan- 
ite, and studded with poeciloblastic garnets which may reach 5 mm in diameter. 

The quartz-feldspar lenticles are formed of varying proportions of sutured 
irregular grains of undulose extinguishing, occasionally mortar textured quartz, 
and of albite-twinned oligoclase. Biotite, in flakes several millimetres in length, 
is pleochroic with X¥ = pale brown, Y = Z = deep orange or reddish brown, 
and contains strongly pleochroic haloes about fine inclusions of (?) zircon; it is 
frequently intergrown with the associated muscovite. Garnet normally occurs as 
coarse, anhedral porphyroblasts, seamed by cracks and with abundant inclu- 
sions of quartz, biotite, tourmaline, and, rarely, staurolite. More rarely garnet 
is found in skeletal or ‘atoll’-shaped forms. Kyanite occurs in a variety of ways: 
most commonly it is found in coarse prisms showing (010) and (100) cleavages 
and including muscovite, biotite, quartz, and garnet. It is also found, with 
staurolite, as fine prismatic outgrowths along the intergranular boundaries of 
other minerals, or as drop-like relicts within coarse plates of muscovite. Fine 
skeletal ilmenite, occasional graphite flakes, and grains of pyrite and magnetite 
are variable accessories in these rocks; prisms and anhedra of apatite, zircon, 
and tourmaline (0 = green, e = brown or pink) also occur in small amount. 

Although these rocks occur within the sillimanite zone, sillimanite is by no 
means a constant constituent, and in contrast to the regular distribution of 
kyanite in rocks of appropriate composition, is distinguished by the capricious- 
ness of its development. 

Sillimanite is frequently developed as fine fibrolitic needles which form mats 
and sinuous sheaves meandering through the more micaceous foliae, usually com- 
plexly intergrown with biotite and, less commonly, muscovite. The staurolite 
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Fic. 2. Hematite-free gneisses. a (No. 5, Table 1), garnet-, biotite-, and muscovite-bearing gneiss with 
sheaves of fibrolitic sillimanite, skeletal ilmenite, fine-grained aggregates of graphite and magnetite, 
clear quartz, and twinned oligoclase. B (No. 3, Table 1), a sillimanite-free gneiss, showing coarse 
porphyroblastic garnet, prismatic kyanite, and skeletal rods of ilmenite. c (No. 1, Table 1), a mus- 
covite- and kyanite-rich gneiss, showing skeletal ilmenite and abundant fine flakes of graphite. 













Fic. 3. Hematite-bearing gneisses. a (No. 11, Table 1), a muscovite-rich gneiss, showing abundan 
hematite tabulae and fine garnet grains, and inclusions of hematite within kyanite. B (No. 9, Table 1), 
showing an albite-twinned crystal of plagioclase including a swarm of fine hematite and garnet: a 
concentration of tourmaline crystals in the lower portion of the field. c (No. 7, Table 1), showing 
euhedral magnetite grains and hematite tabulae with kyanite, garnet, muscovite, and biotite. 
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content of these rocks typically occurs as stout prisms within such fibrolite 
sheaves. Sillimanite also occurs as individual, usually coarser prisms; in the 
more sillimanite-rich rocks swarms of such prisms, set in mosaics of fine quartz, 
flow around areas of sillimanite-free, undulose quartz, and oligoclase feldspar. 


The hematite-bearing gneisses (Fig. 3) 


The hematite-bearing gneisses form a group of more constant texture than 
those free of hematite, from which these differ at first sight due to the content of 
bright-green biotite, the abundance of oxide minerals, and a distinctive drop-like 
habit of the garnets. 

Muscovite is far more abundant than in the hematite-free rocks; in sections 
cut normally to the lineation it forms extensive wavy aggregates of matted 
flakes, with a pronounced girdle fabric. Biotite is less abundant than muscovite, 
and is of the distinctive green tint, ¥ = pale yellow-green, Y = Z = deep olive- 
green; haloes about radioactive inclusions, however, are of a bright orange- 
brown colour. Kyanite is distinctive as elongate, irregular prisms, 1-2 mm in 
length, including considerable amounts of tabular hematite crystals and, more 
rarely, garnet grains; these are the typical ‘black-leaded’ kyanites of Barrow 
(1893, p. 339). These coarse kyanites show visually a high degree of preferred 
orientation, their c-axes lying parallel to the rock lineation and their (100) faces 
parallel to the foliation; thus, in thin sections cut normally to the lineation, the 
(100) and (010) cleavages are consistently seen. Kyanites, when included within 
muscovite, are generally more or less corroded; in places such crystals have been 
reduced to fine rounded grains of ‘dumb-bell’ or drop-like shape. As in the 
hematite-free gneisses, fine prismatic or ‘needle’ kyanite is frequently found 
clustering around coarser kyanites, or as outgrowths along the grain boundaries 
of other minerals. Sillimanite is very rare, occurring occasionally as tufts or wads 
of fibrolite with biotite, or surrounded and partially replaced by coarse musco- 
vite; staurolite is found occasionally as coarse prisms, reaching | mm in length, 
surrounded by muscovite or forming oriented intergrowths with kyanite. Gar- 
net occurs abundantly as fine (up to 0-05 mm) evenly distributed grains of 
regular size, often showing dodecahedral faces and usually intimately associated 
with hematite; it is found as inclusions in muscovite, biotite, kyanite, and feld- 
spar, but rarely contains inclusions itself. Hematite may form nearly 30 per cent 
of the same rocks; it occurs as tabular plates flattened parallel to (0001), which 
generally lie parallel to the foliation planes of the rock, and are included in 
muscovite, kyanite, biotite, and feldspar. Euhedral octahedra of magnetite 
occur with the hematite. Quartz is found as irregular sutured grains forming a 
mosaic which surrounds coarser, amoeboid, albite twinned oligoclase. In some 
sections porphyroblastic plagioclases 3-4 mm in length include streams of fine 
hematite and garnet; such streams of inclusions often occupy the central portion 
of a plagioclase crystal, being surrounded by a clear, inclusion-free rim of iden- 
tical refractive index. 
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Tourmaline, in stout prisms up to | mm long with irregular basal parting and 
strongly pleochroic from o = deep green, to e = pink, is locally quite abundant; 
the crystals are often colour-zoned and include hematite, garnet, kyanite, and 
sillimanite. Apatite is also found in accessory quantity; both tourmaline and 
apatite occasionally form segregation bands, and in many secretionary lenticles 
of quartz, tourmaline may grow to several centimetres in length. 


Metamorphic history 


The presence of both sillimanite and kyanite in the Glen Clova gneisses indi- 
cates some degree of disequilibrium, and the occasionally complex textures dis- 
played would suggest that these rocks are the product of several stages of 
recrystallization during metamorphism. While a detailed discussion of the 
textural evidence must await a consideration of the origin of sillimanite in these 
rocks, I shall give a brief résumé of my interpretations as a background for my 
subsequent treatment of the mineral assemblages. 

The irregularity in the development of sillimanite, as veins or sheaves running 
through the micaceous foliae, or immersed in quartz, contrasts strongly with the 
regular development of kyanite, and gives the strong impression that the silli- 
manite was in a stage of incipient development in rocks originally crystallized 
within the kyanite zone; this is consistent with the occurrence of these gneisses 
at the outer limit of the sillimanite zone. The earliest and most complete stage 
of crystallization thus appears to have produced a kyanite—garnet—biotite— 
muscovite—quartz-feldspar—oxide gneiss; the sillimanite-free gneisses, both 
hematite-free and hematite-bearing, are typical of rocks probably formed at this 
stage, and give little evidence of subsequent metamorphic modification. 

The formation of these fundamental gneisses was apparently followed by the 
sporadic development of fibrolitic sillimanite within the biotite-rich foliae of 
many of the rocks. In other regions a similar phenomenon has frequently been 
interpreted as evidence of the formation of sillimanite from biotite (see discus- 
sion in Francis, 1956, p. 357), and I propose to treat the Glen Clova examples 
in a further paper. Recrystallization of this fine fibrolite appears to have pro- 
duced the swarms of coarse sillimanite prisms occasionally found enclosed 
within biotite, and in lenticles of granulated quartz. 

The development of coarse sillimanite was succeeded by the re-formation of 
kyanite and the occasional growth of staurolite. Prisms of staurolite, with 
oriented intergrowths and outgrowths of kyanite, occur within, and partly 
include, the fibrolitic foliae. The growth of coarse plates of muscovite at the 
expense of the aluminium silicates occurred at approximately this stage; kyanite 
and staurolite included in muscovites are rounded and appear to be partially 
digested, while occasionally only small ‘droplets’ of these minerals remain. 

This appears to have been the last phase involving coarse-grained recrystalli- 
zation; but fine-grained growths of tiny needle-like kyanites and staurolites along 
grain boundaries of the coarser minerals indicate that some recrystallization 
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succeeded it. The final phase evident in the formation of these rocks involved 
the occasional development of chlorite in garnet and biotite, ‘saussurite’ in feld- 
spar, and fine-grained ‘shimmer aggregate’ sericite at the expense of kyanite and 
sillimanite. 

The main period of recrystallization of these rocks thus appears to have pre- 
ceded sillimanite development; I shall treat the Glen Clova gneisses as kyanite- 
garnet-biotite-muscovite—quartz-feldspar—oxide mineral rocks, ignoring the 
sillimanite and staurolite contents, and any effect their formation may have had 
upon the composition of the pre-existing mineral phases. This treatment can 
probably be justified in the case of the hematite-bearing rocks, which rarely con- 
tain sillimanite or staurolite. The hematite-free gneisses, however, may contain 
over 30 per cent of sillimanite and up to 2 per cent of staurolite; and it is quite 
probable that much of the variation from the main compositional trends of 
minerals in the Glen Clova rocks is the result of these ‘late-stage’ modifications. 


CHEMISTRY OF GNEISSES 


Chemical analyses! of eleven gneisses from Glen Clova are presented in 
Table 1. 

These rocks are typical pelitic metasediments, with the characteristic domi- 
nance of potash over soda, high aluminium to alkali ratios, and low calcium and 
magnesium contents. The contents of potash, total iron, and alumina are 
higher than, and the silica contents correspondingly lower than, those of the 
average pelitic composition calculated by Shaw (1956, p. 928); they do not, 
however, lie outside the extreme compositional range of such sediments (Petti- 
john, 1957) and in the absence of any positive evidence of metasomatic change 
during recrystallization these differences may be attributed to variations in the 
relative amounts of silt and clay fractions supplied to the original basin during 
deposition. 

The most distinctive feature of these analyses is, of course, the wide variation 
in the oxidation state of iron: the ferric/ferrous ratio rises from the hematite-free 
rocks to the hematite-bearing rocks. In treating the change of mineralogy with 
this variation I shall utilize, as a convenient index of the oxidation state, the 
molecular percentage (2Fe,O, x 100)/(2Fe,0,+ FeO). This gives the percentage 
of ferric atoms in total iron atoms, and will be referred to as the ‘oxidation 
ratio’.* On this scale a rock containing only divalent iron would have an oxidation 


? In these, and in the mineral analyses of Tables 4-7, SiO,, MgO, CaO, and H,O were determined 
by the standard gravimetric techniques as described by Washington (1930); TiO,, MnO, and P,O,; 
colorimetrically; FeO and Fe,O, by titration; alkalis by flame photometer; and Al,O, by difference. 
Analyses by G. A. C. unless otherwise stated. 

In the wet chemical analysis of rocks it is not possible to determine uniquely the oxidation state 
of an element if other elements of variable valence are also present. I have assumed that the titanium 
of these rocks is quadrivalent, and the manganese divalent ; the oxidation ratio thus refers to iron alone. 
This is reasonable since Fe > Ti+ Mn. However, the possibility of the occurrence of Ti**, Mn*’, or 
Mn** introduces some uncertainty into the value of the oxidation ratio. 
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ratio of zero; one containing only magnetite would have an oxidation ratio of 
66:6; while the oxidation ratio of a rock in which all of the iron was in the 
trivalent state would be 100. 

From Table | it can be seen that the oxidation ratios of the i/menite—magnetite- 
bearing gneisses lie between 0 and 14, while the sole ilmenite-magnetite—hematite- 
bearing gneiss analysed has an oxidation ratio of 37 ; the magnetite-hematite-bear- 
ing gneisses have oxidation ratios in excess of 43, the highest oxidation ratio 
found being 74-8. The gap between the hematite-free and hematite-bearing 
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TABLE | 
Chemical analyses of Glen Clova gneisses 


















































(i) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
SiO, : ‘ . | 43-36 | 61-10 | 52-46 61-28 | 56°52 44-46 | 49-55 | 41-89 43-34 50-04 44-09 
AO. . , - | 32-65 | 21-30 | 25-72 24-41 | 22-98 31-09 | 30-88 | 27-45 26°58 20-07 23-64 
TiO, : ; Z 1-41 0-90 1-24 1-14 1-14 1-33 0-96 1-84 1-89 1-58 1-69 
Fe,O, . : ; 0-48 0-61 1-41 1-05 1-44 4-28 5-09 8-69 8-01 9-68 12-01 
FeO ‘ 3 ; 6-64 5-63 8-74 6-18 8-15 6°56 5.88 5-36 4-57 4:38 3-66 
MnO. 3 , 0-03 0-00 0-16 0-09 0-15 0-14 0-16 0-34 0-38 0-27 0-37 
MgO... ; ‘ 3-16 2-51 2-47 1-75 2-29 2-85 1-53 1-93 2-66 2:31 2-61 
CaO ‘ ; ‘ 1-01 0-00 1-05 0-40 1-01 0-60 0-44 1-35 1-71 1-81 0-85 
Na,O . . ‘ 1-54 0-38 0-38 0-55 1-47 0-87 0-75 2-45 3-30 3-59 2-03 
K,O ‘ ; ‘ 6-10 415 3-30 1-50 2-41 4-69 2:36 5-42 4:74 4-25 6-01 
ao’. , - 3-29 3-12 2-84 1-91 2-16 3-32 1-87 3-00 2-88 1-74 3-09 
3 - ; 0-18 0-15 0-18 0-11 O15 0-14 0-11 0-04 0-08 0-13 0-12 
P,O, , ; : tr. tr. tr. 0-07 tr. 0-16 0-14 0-15 0-18 0-28 0-15 
99-85 | 99-85 | 99-95 | 100-44 | 99-87 | 100-49 | 99-72 | 99-91 | 100-32 | 100-13 | 100-32 
Oxidation ratio . 6:1 8-9 12-7 13-3 13-7 37-0 43-7 59-4 61:2 66°5 74:8 
Ilmenite—magnetite-bearing gneisses: Ilmenite—magnetite—hematite-bearing gneiss: 

(1) The Lunkard, Glen Doll (83143). (6) Bassies, Glen Clova [83121]. 

(2) Craig Rennet, Glen Doll (83156). 

(3) Craig Maud, Glen Doll (83147). Magnetite—hematite-bearing gneisses: 

(4) Crags of Bassies, Glen Clova [83070]. (7) Burn of Farchal, Glen Clova [83114]. 

(5) Ben Reid, Glen Clova [83007]. (8) Hill of Strone, Glen Clova [83118]. 


(9) Hill of Strone, Glen Clova [83117]. 
(10) Hill of Strone, Glen Clova [83119]. 
(11) Burn of Farchal, Glen Clova [83112]. 


Numbers in brackets correspond to the speeimens in the Harker Collection, Department of Mineralogy and Petrology 
Cambridge. 
2Fe,O, x 100 


* Oxidation ratio = mol. 2Fe,0, + FeO’ 


gneisses, i.e. between oxidation ratios of 14 and 37, probably results from the 
presence, in all of the hematite-free rocks analysed, of graphite, the reducing 
effect of which was sufficient to keep the oxidation ratios low and substantially 
constant. There is, however, no apparent reason why graphite-free magnetite— 
ilmenite-bearing rocks should not occur within this range, and hence in the 
subsequent discussion I shall treat these rocks as a continuous, isofacial series 
of increasing oxygen content. 

With the exception of manganese, phosphorus, and total iron, the variation 
in constituents shows no obvious relationship to the variation in oxidation ratio. 
The hematite-bearing rocks contain higher amounts of P,O; than do those free 
of hematite, but since phosphorus is mainly contained in apatite, and this 
mineral has a tendency to segregate into bands or clumps, further sampling 
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would be needed to establish whether a correlation exists. The content of total 
iron in these rocks, however, shows a marked straight line relationship to the 
oxidation ratio, increasing with increasing oxygen content (Fig. 4). Similarly, the 
MnO content rises with rising oxidation ratio; the rock of highest oxidation 
ratio, No. 11, contains 0-37 per cent, a value more than double that of any of the 
hematite-free gneisses, and three times that of the average manganese contents 
of various sediments presented by Goldschmidt (1954, p. 639). In a succeeding 
section I shall discuss the bearing of these correlations on the origin of the vary- 
ing oxygen contents of these rocks. 
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Fic. 4. Correlations between total iron and oxidation ratio, and man- 
ganese and oxidation ratio, in the Glen Clova gneisses. 


MINERALOGY 
Modal variation 


The increase in oxidation ratio in the analysed sequence of rocks is reflected 
in the marked changes in appearance which enable the hematite-free and hema- 
tite-bearing gneisses to be so readily distinguished from each other—the marked 
increase in the opaque mineral content, the change of biotite from a brown toa 
green colour, and the progressive diminution in size of the garnets. With these 
more obvious differences may be correlated a regular change in the proportions 
of the minerals: from the modes of Table 2 it would appear that the rocks of 
higher oxidation ratio contain a generally higher proportion of muscovite to 
biotite, and a lower proportion of garnet to opaque minerals than do those of 
lower oxidation ratio. 

This relationship is obscured somewhat by the wide variation in proportion 
of quartz-feldspar, kyanite, and sillimanite consequent upon the variation in 
silica, alumina, lime, and alkali contents of the individual rocks. It is, however, 
possible to compensate the modes for ‘excess’ silica, alumina, lime, and soda 
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contents by ignoring quartz, sillimanite, kyanite, and plagioclase (as well as the 
minor sporadic minerals apatite, tourmaline, and staurolite) and recalculating 
opaques, garnet, muscovite, and biotite to 100.’ From these percentages, which I 
have termed ‘relative modal percentages’ and have plotted against oxidation 


TABLE 2 
Modes (volume per cent) of the analysed gneisses of Table 1 

















ate . . A$ 2 3 4 5 6 7 is 9 | 10] UW 

Rock O.R.* ; ; 6:1 8-9 | 12-7 | 13-3 | 13-7 | 37-0 | 43-7 | 59-4 | 61-2 | 66:5 | 74-8 
Opaquest . ; ; 1-6 1-8 2-4 28 1-2 2:8 6-0 8-7 | 11-2 8-5 | 11-5 
Muscovite . , . | 26:3 6-9 | 16-7 7-1 | 16-3 | 25-2 | 26-0 | 47-4 | 40-0 | 33-5 | 53-7 
Biotite. ‘ : . | 33-9 | 17-8 | 21-7 | 18-0 | 25-6 | 26-2 | 14-8 | 11-0 | 13-1 | 15-5 | 13-3 
Garnet , ; P tr. 48 | 13-1 8-9 8-1 48 3:3 4-0 4-4 2:2 2-4 
Kyanite , : . 9-8 tr. 11-3 0-3 tr. 14:9 | 263 1-0 5-3 _ 2:2 
Plagioclase . : . | 16-4 3-0 8-3 6:2 | 16-3 9-4 8-2 | 23-8 | 25-9 | 36-8 | 13-8 
Quartz ; F : tr. 32-9 | 26:3 | 226 | 15-4 | 16-4 | 15-0 1-2 0-7 3-5 26 
Sillimanitet . ; . | 120 | 32-4 tr. 31-6 | 17-1 tr. tr. 2-0 0-2 tr. 0-5 
Staurolite  . ; ; a tr. a 2:3 tr. 0-3 0-4 tr. —_— — tr. 

Tourmaline . ; : tr. — tr. tr. tr. tr. tr. 0-7 0-8 tr. tr. 

Apatite ; i : tr. 0-4 0-2 0-2 tr. tr. tr. 0-2 0-4 | tr. tr. 

Points counted. . | 2,234 | 1,558 | 2,123 | 2,500 | 3,190 | 2,390 | 3,393 | 3,303 | 4,520 | 1,055 | 2,211 






































* O.R. = oxidation ratio. 
+ Subdivided in Table 3. 
t Including sericite aggregates pseudomorphous after sillimanite. 


ratios in Fig. 5, it is apparent that increasing oxidation of iron in these rocks is 
accompanied by a progressive increase in contents of muscovite and iron oxides 
at the expense of garnet and biotite. This modal variation is accompanied by 
regular changes in the composition of the individual minerals. 


Oxide minerals 


The oxide minerals form the basis for the classification of the Glen Clova 
gneisses, and the ranges of rock oxidation ratio characterized by their occurrence 
have been previously noted. 

In the magnetite-ilmenite-bearing assemblages, ilmenite is the most abundant 
oxide mineral, forming fine tabulae or skeletal crystals, often faintly translucent 
in shades of brown, and appearing silvery grey and homogeneous under re- 
flected light. Ilmenite separated from rock No. 4 has the cell parameters a = 
5-089 A, c = 14-065 A (+0-003), dimensions only slightly larger than those 
given by Basta (in Nicholls, 1955, p. 137) for pure synthetic ilmenite. In these 
rocks magnetite occurs only in small amount: it is generally not visible in polished 
section, but may be extracted from a powdered sample with a hand magnet, and 
identified by X-rays. 

In the ilmenite-magnetite—hematite-bearing assemblages, ilmenite occurs as 

Variation in K,O content cannot be so readily compensated for, so that in potash-rich rocks there 


will be promotion of micas in relation to the alkali-free ferromagnesians. Thus No. 1, with high K,O 
and Al,O;, contains an abnormally high proportion of muscovite and biotite, and little garnet. 
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coarse tabulae showing exsolution lamellae of hematite, and was thus at the 
time of its original crystallization considerably richer in titanium than the ilmen- 
ites of the hematite-free assemblages. In these, and in the succeeding magnetite- 
hematite-bearing assemblages, magnetite occurs in equant grains, frequently 
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Fic. 5. Increase in muscovite and iron oxides, and decrease of biotite and garnet, 
with increase in oxidation ratio. The lines drawn are calculated from the volume 
relationships of the equation iron eastonite + almandine+ O — muscovite + hematite + 
quartz (p. 200), using the relative modal percentages of No. 11 (Table 2), and 
assuming that the iron oxide mineral content of a rock of oxidation ratio O is nil. 


TABLE 3 


Volume proportions of oxide minerals in the hematite-bearing gneisses 











Rock No. 6 7 8 9 10 11 
Ilmenite phase , te a — de ane a3F 
Magnetite . ; 52 71 38 25 20 <1 
Hematite phase . 3 29 62 75 80 > 

Points counted - 40 48 118 89 120 132 























showing euhedral sections of the octahedron; martitic hematite is rarely de- 
veloped as intersecting lamellae parallel to (111) or as irregular incursions along 
cracks or grain boundaries. The cell size of magnetite separated from the 
ilmenite—magnetite—-hematite-bearing assemblage of No. 6 is 8-396+0-003 A, 
which is identical with that of a pure magnetite recorded by Basta (1957, 
p. 435): powder photographs of magnetites from the magnetite—hematite-bearing 
assemblages of Nos. 7 and 8 are identical with this, indicating that any change in 
the composition of the magnetites induced by increasing rock oxidation ratio is 
within the limits of measurement. 
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e As might be expected, increasing oxidation ratios in the hematite-bearing 
- &§ rocks are accompanied by an increase in the proportion of hematite to magnetite 
- (Table 3). The hematites occur typically as tabular plates or as rhombohedra, 
y showing exsolution lamellae of ilmenite parallel to (0001). The proportion of 


ilmenite lamellae to hematite host decreases with increasing rock oxidation ratio, 


TABLE 4 


Chemical analyses of garnets 












































RockNo.-| @ | @ | ® | © | © | @m | w® | ao | an 
Weight per cent oxides 
SiO, . n.d. n.d. n.d. 37-32 n.d. n.d. n.d. n.d. 37-76 
Al, . n.d. n.d. n.d. 21-28 n.d. n.d. n.d. n.d. 20-04 
TiO; . n.d. n.d. n.d. 0-16 n.d. n.d. n.d. n.d. 0-12 
Fe,0; 0-72 0-70 0-95 0-75 1-01 0-89 0-84 0-87 0-90 
FeO . 34:00 | 3413 | 3428 | 33-91 31-62 | 30:25 | 2632 | 2430 | 23-98 
MnO . 1-40 1-35 1-06 1-14 1-72 2-63 8-06 | 10-21 11-53 
MgO . n.d. n.d. n.d. 2-94 n.d. n.d. n.d. n.d. 3-56 
CaO . n.d. n.d. n.d. 2-79 n.d. n.d. n.d. n.d. 1-63 
100-29 99-52 
Molecular (MnOx100)/(MnO-+ FeO) 
3-9 38 | 32 | 32 | 6S | 82 | 237 | DB | 327 
| Molecular (2Fe,O, x 100)/(2Fe,0,+ FeO) 
18 | 18 | 22 | 19 | 27 | 26 | 28 | 30 | 32 
: Cations to 12 (O) Weight per cent molecules 
| Rock No. . (5) = (II) (5) (11) 
| Si 2-99 3-04 Almandine 79-6 56:2 
F a 2-01 1-90 Pyrope 9-9 12-0 
{) Fe" . 0-02 0-05 Spessartite . aT 27:2 
re . 2:27 1-61 Andradite ace 2:7 
Mn 0-08 0-79 Grossularite 5-4 1-9 
Mg 0-35 0-43 
Ca 0-24 0-14 


suggesting decreasing TiO, contents in the original homogeneous phases; the 


hematite of rock No. 11 (oxidation ratio 74-8) is quite free from lamellae, and 


gave, upon chemical analysis (FeO was not separately determined): Fe,O, = 
86-99 per cent, and TiO, = 12-89 per cent. If no excess titanium is assumed to 
be present, this analysis indicates the presence of 24-8 molecular per cent of 
ilmenite; from the data of Basta (Nicholls, 1955), the cell parameters of this 


ilmenohematite a = 5-047 A, and c = 13-789 A (+0-003), suggest a similar 


composition, namely, 25 per cent ilmenite and 75 per cent hematite. 


Garnets 


Chemical analyses of garnets from the analysed Glen Clova rocks are pre- 
sented in Table 4. The garnets are essentially composed of the almandine, 








pyrope, and spessartite ‘molecules’, grossularite, and andradite totalling less 
than 10 per cent. 
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Fic. 6. Correlation of molecular (MnO x 100)/(MnO+ FeO) of garnets 





with rock oxidation ratio. Solid circles, garnets from ilmenite-magne- 
tite assemblages; divided circle, from the ilmenite-magnetite—hematite 
assemblage; open circles, from magnetite-hematite assemblages. 
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Fi. 7. Enlarged tracings of garnets to show the decrease in grain size with increase in 
spessartite content. Numbering as in Table 4; figures in brackets give the molecular 
ratio (MnO x 100)/(MnO-+ FeO). 





As might be expected, rising rock oxidation ratios are accompanied by an 
increase in the ratio (2Fe,O, x 100)/(2Fe,O,+ FeO) of the garnets. This increase, 
however, is due entirely to a decrease in FeO: the Fe,O, contents of the garnets 
remain virtually constant. It may well be that a small increase in ferric iron con- 
tent has been masked by the analytical error inevitable when FeO and Fe,O, are 
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determined in minerals as refractory as garnet. However, the results emphasize 
the limited substitution of Fe*+ for Al which can normally occur in the pyrope- 
almandine-spessartite series ; garnets with high proportions of the (Fe?*), (Fe*+), 
(SiO,); molecule, such as that recorded by Backlund (1918), are very rare. 

Compensating for the decrease in ferrous iron content is an equivalent in- 
crease in manganese: in Fig. 6 the ratios (MnO x 100)/(MnO-+ FeO) of the gar- 
nets are plotted against the appropriate rock oxidation ratios. 

Although MgO was determined in only two specimens, it seems likely (by 
analogy with the associated biotites, described in the next section) that a small 
rise in Mg accompanies the major increase in spessartite content. However, it is 
not possible to tell the significance of the drop in calcium content from No. 5 to 
No. 11. 

To be probably correlated with the major increase in spessartite content of 
these garnets is a distinctive change in their habit. The spessartite-poor garnets 
of the ilmenite-magnetite-bearing assemblages are generally coarse, porphyro- 
blastic anhedra, ranging from | to 5 mm in diameter, and containing abundant 
inclusions of other minerals. With increase in spessartite content the grain size 
diminishes (Fig. 7), until in the rocks of high oxidation ratio the spessartite-rich 
garnets rarely exceed 0-1 mm in diameter, and occur as granular aggregates of 
tiny, well-distributed dodecahedra. 

Since an exhaustive study would be necessary to determine whether in general 
spessartite garnets are more prone to form granular aggregates than are those 
rich in almandine, it is hardly possible to tell definitely whether the pronounced 
differences in garnet habit observed in the Glen Clova gneisses are of other than 
circumstantial significance. There can be little doubt, however, that mangani- 
ferous garnets frequently occur in the finely granular manner. This has been 
commented on by Woodland (1938, p. 379), and further examples are figured by 
Harker (19339, figs. 13 and 17), Hutton (1940, p. 38), and Williams (1934, p. 342). 
A particularly noteworthy instance is provided by the ‘garnet sandstones’ of 
metasomatic origin which occur in a high-grade metamorphic environment in 
the Broken Hill lode of New South Wales (e.g. Stillwell, 1953, p. 617). These 
bodies, which may be as much as 70 to 100 ft across, are essentially aggregates of 
fine, manganiferous garnet grains 0-1 to 0-5 mm in diameter, and are often quite 
uncemented and friable; Stillwell states that in many cases coarser, individual 
manganiferous garnets may be seen to have formed by the recrystallization of 
groups of these smaller crystals. 

It may be that garnets rich in spessartite nucleate more readily than do those 
rich in almandine. Spessartites, by forming large numbers of nuclei at the com- 
mencement of crystallization, may thus tend to occur as fine-grained evenly 
distributed granules, only occasionally coalescing to form coarser crystals. On 
the other hand, almandines, by forming fewer nuclei, may tend to crystallize 
as the sporadically distributed, coarsely crystalline porphyroblasts so typical of 
the garnets of pelitic rocks. 
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TABLE 5 
Chemical analyses of biotites 











Rock 

No.: (1) (2) (3) (4) (5) (6) (7) (8) (10) (11) 
Weight per cent oxides 
SiO, 34-74 34-70 34-79 n.d. 34-76 n.d. n.d. n.d. n.d. |36°69 
Al,O, | 20-30 20-47 19-99 n.d. 20-40 n.d. n.d. n.d. n.d. |21-49 
. TiO, 2-73 2:00 2:19 2:20* 2-19 1-90* 1-44* 1-35* 1-51* | 1-09 
Fe,O, 1-33 2:26 2-15 2:52 1-16 3-19 2:76 3-09 400 | 3-28 
FeO 18-51 18-43 18-31 18-00 18-26 18-47 16°37 15-29 15°14 | 11-36 
MnO 0-08 0-09 0-04 0-07* 0-02 0-09* 0-09* 0-12* 0-18* | 0-24 
MgO 8-89 9-20 9-34 8-4t 9-40 9-5t 9-1T 12-0 11-5t | 12-58 
CaO 0-00 0-00 0-00 n.d. 0-05 n.d. n.d. n.d. n.d. 0-00 
Na,O 0-46 0-57 0-39 n.d. 0-48 n.d. n.d. n.d. n.d. 0-53 
K,O 8-61 8-30 8-19 n.d. 8-35 n.d. n.d. n.d. n.d. 8-20 
H,O+ 3-80 3-90 4-00 n.d. 4-18 n.d. n.d. n.d. n.d. 4-00 
H,O— 0-20 0-00 0-30 n.d. 0-36 n.d. n.d. n.d. n.d. 0-10 
F 0-03 0-00 0-00 n.d. 0-00 n.d. n.d. n.d. n.d. 0-00 
99-68 99-92 99-69 _— 99-61 — — — — 99-56 
Atoms to 24 (O, OH) 

Si 5-25 5-23 5-26 — 5:24 — -- — — 5:36 
Al(4) 2:75 2:77 2:74 — 2:76 — — _— — 2-64 
Al(6) 0-87 0-87 0-82 — 0-86 —_ —- — — 1-06 
Ti 0-34 0-23 0-25 — 0-25 _ — — — 0-12 
Fe** 0-15 0-25 0-25 — 0-13 — — — — 0-36 
Fe?* 2:34 2:32 2-32 — 2-30 — — — — 1:39 
Mn 0-01 0-01 0-01 oo 0-00 os — _— _ 0-03 
Mg 2-00 2-07 2-10 — 2-11 — — —_ — 2-74 
Ca 0-00 0-00 0-00 a 0-01 — — — a 0-00 
Na 0-14 0-17 0-11 -~ 0-14 — _ —_ —_ 0-15 
K 1-66 1-60 1-58 — 1-61 — _— — — 1:53 
OH 3-83 3-92 4-03 — 4-20 — — — — 3-90 





























y Refractive index, +--002 
1-634 | 1-634 | 1-633 | 1-632 | 1-632 | 1-631 | 1-628 | 1-623 | 1-630 |1-614 
Molecular (MgO x 100)/(MgO+ FeO) 


“4 | 4 | 48 | 45 «| & | 4 «| «SO | 588 | S88 | 
Molecular (2Fe,0,; x 100)/(2Fe,0,+ FeO) 





6°1 | 9-9 | 9-5 | 11-8 | 5-3 | 13-4 | 13-2 | 168 | 192 | 20-6 





* By Dr. E. G. Zies. 
+ By P. D. Elmore & S. D. Botts, U.S. Geol. Survey, using rapid methods as in Shapiro & Brannock 
(1956). 


Biotites 


Analyses of biotites from the Glen Clova gneisses are presented in Table 5. 
While all of the samples analysed appeared optically to be of better than 99 per 
cent purity, X-ray examination disclosed the presence in all of a layered mineral 
with a 7-A spacing. This mineral presumably represents a retrogressive alteration 
product of the host biotites, with which it is intimately interlayered: its presence 
introduces an error of unknown magnitude into the analyses and refractive 
index determinations. 
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The complete analyses are plotted in Fig. 8 after the classification of Yoder 
(1959). They are typical aluminium-rich biotites, lying approximately between 
the eastonite micas, K,(Mg, Fe),Al.Al,Si,O.9(O0H),, and the lepidomelanes, 
KFe76 (Fe®+AlAl,.33Si2.670;90( OH), and showing variable substitution of Mg 
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Fic. 8. Biotites plotted after the manner of Yoder (1959, fig. 2). Numbering as 
in Table 5; O.R. = rock oxidation ratio. 
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Fic. 9. Correlation of molecular (MgO x 100)/(MgO-+ FeO) of biotites with rock 

oxidation ratio. Solid circles, biotites from ilmenite-magnetite assemblages; 

divided circle, from the ilmenite-magnetite-hematite assemblage; open circles, 
from magnetite—hematite assemblages. 





and Mn for Fe?+. Since neither its valence nor its structural position in biotites 
is known, the titanium content of these analyses has not been used in the plotting 
of Fig. 8. The placing of titanium in either the tetrahedral or octahedral sites 
would alter the absolute position of the points, but would not materially affect 
their position relative to each other. 

All of the analyses show deficiencies in the alkali positions, due presumably 
to contamination of the samples with the 7-A alteration product. The variable 
H,0+ contents may also arise partly from this cause, although due to the redox 
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reactions which occur when biotite is decomposed, water determinations on 
iron-rich biotites are intrinsically inaccurate. 

The changes in biotite composition with change in rock oxidation ratio are 
analogous to the changes in the associated garnets. Due possibly to composi- 
tional changes during the formation of sillimanite after the main period of 
crystallization, the ratios (2Fe,O, x 100)/(2Fe,0,+ FeO) of biotites from the 
hematite-free rocks are rather variable. However, within the hematite-bearing 
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TABLE 6 
Colours of biotites 











Rock No. Colour of Z Munsell designation 
1 Dark reddish brown 1OR 3/6 
2 Dark reddish brown 1OR 3/6 
3 Moderate brown SYR 3/6 
a Moderate brown SYR 3/6 
5 Dark reddish brown 1OR 3/6 
6 Very dark olive-brown SY 3/4 
7 Dark olive to dark greenish yellow 10Y 4/5 
8 Dark olive to dark greenish yellow 10Y 4/5 

10 Dark olive to dark greenish yellow 10Y 4/5 
11 Dark olive to dark greenish yellow 10Y 4/5 











The designation of colour follows the Rock-Color Chart prepared by the Rock- 
Color Chart Committee of the Geological Society of America, 2nd printing, 1951. 


rocks this ratio shows a pronounced increase with increasing rock oxidation 
ratio. This is illustrated in the plot of the completed analyses of Fig. 8, where 
the trend towards lepidomelane is due mainly to the substitution 3(Mg, Fe?*+)— 
2Fe*+. The small displacement of analysis No. 11 suggests that this may be 
accompanied by some substitution of the type (Mg, Fe?*+)Si — (Al”, Fe®+) Al”, 
but more completed analyses would be necessary to establish this. 

The major biotite composition change is found in the ratio (MgO x 100) 
(MgO+ FeO), which increases strongly with increasing rock oxidation ratio 
(Fig. 9). Similarly, the small manganese contents show a threefold increase in 
biotites from rocks with low to high oxidation ratio. These changes represent the 
substitution Fe?+ —- (Mg, Mn). The final correlation to be noted is a general 
decrease in biotite titanium contents with increase in oxidation ratio. 

The change in colour from the brown biotites of the hematite-free rocks to the 
green biotites of the hematite-bearing rocks (Table 6) is of some interest. Dis- 
cussions of the origin of various mineral colours are much vexed by the sub- 
jectivity of visual colour estimation and by the fact that minor amounts of 
elements existing in more than one valence state may cause large changes in light 
absorption. However, a green colour appears to be characteristically developed 
in many minerals of high ferrous/ferric ratio, and there is no obvious reason for 
attributing the colour of the green Glen Clova biotites to anything but their 
iron content. The absorption which gives rise to the colour of the brown Glen 
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TABLE 7 














n 
Chemical analyses of muscovites 

- rie er ee ie D 

< Weight per cent oxides 

; SiO, 46-09 45-40 45-80 43-30 

le Al,O, 34-76 33-30 31-84 35-20 

g TiO, 1-07 0-55 n.d. 0-59 

) Fe,0, 1-01 3-20 5-86 4-03 
FeO 0-91 0-74 n.d. 0-22 
MnO tr. 0:24 n.d. n.d. 
MgO 0-62 1-16 1-15 ~~ 
CaO 0-00 0-00 tr. 0-39 
Na,O 0-68 1-22* 3-19F 1-85 
K,O 9-72 8-85* 7-56t 9-95 
H,O+ 4°51 4-60 4-90 4-41 
H,O— 0-20 0-00 n.d. 0-75 

99-57 99-26 100-30 100-71 

















* Determined by P. M. Orville. 


























+ Since the total alkalis appear to be correct, the high soda content is 
presumably the result of a low potash determination by the Lawrence-Smith 
method. 

Cations to 24 (0,OH) 
: Si 6°15 6°08 6-08 5-85 
: Al(4) 1-85 1-92 1-92 2°15 
Al(6) 3-61 3-35 3-04 3-45 
i Ti 0-11 0-06 — 0-06 
4 Fe** 0-10 0-32 0-58 0-41 
j Fe?* 0-10 0-08 — 0-03 
Mn -- 0-03 — — 
Mg 0-12 0-23 0-28 —_ 
Ca — — a 0-06 
Na 0-22 0-32 0-82 0-48 
K 1-65 1-51 1-28 1-71 
; OH 4-01 4-09 4-34 3-97 
A: Muscovite from ilmenite—magnetite-bearing gneiss No. | (Table 1). 
| B: Muscovite from magnetite—hematite-bearing gneiss No. 11 (Table 1). 
C: Muscovite analysis given by Barrow (1893, p. 355). Anal. G. Barrow. 
D: Muscovite analysis given by Harry (1958, p. 400). Anal. W. Herdsman. 


Total includes Li,O = 0-02; y=1-609+0-003. 

Clova biotites could be due to their higher FEO/MgO ratios, or titanium contents ; 

to their lower Fe,O,/FeO ratios, or manganese contents; or to a combination of 
I these. Hall (1941) emphasized the role of titanium in producing reddish-brown 
colours, and Hayama (1959) has extended this by suggesting that as the ratio of 
ferric to ferrous iron in a biotite increases, higher titanium contents are required 
to effect a change from a green to a brown colour. These suggestions find an 
analogy in the behaviour of silicate glasses: while iron-free glasses containing 
Ti*+ are colourless, and those containing Ti** are faintly purple, the addition of 
titanium to iron-bearing glasses changes the colour from green to brown (Weyl, 
1951, p. 212). 
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It thus seems likely that the colour of the brown Glen Clova biotites is due 
mainly to their higher titanium content, their lower Fe,O,/FeO ratios being a 
possible subsidiary factor. Until the structural position and valence of titanium 
in biotites is known, however, one can only speculate on how this colour change 
is effected. 


Muscovites 


Analyses of muscovites separated from the ilmenite—magnetite assemblage of 
No. 1, and from the magnetite-hematite assemblage of No. 11, are given in 
Table 7. These lie on the join muscovite (KAI,Al.Si,0,.(OH),)-celadonite 
(K(Mg, Fe?+) (Fe*+, Al)Si,O,9((OH).), with minor amounts of the paragonite 
(NaAl,Al.Si;0,9(OH),), and ferrimuscovite (K Fe}+AISi;0,9(OH),) ‘molecules’. 








TABLE 8 
Refractive indices of muscovites 
Rock No. y Refractive index +-0-002 
(1) (analysed, Table 7) 1-595 
(2) 1-596 
(G3) 1-597 
(4) 1-596 
(5) 1-598 
(6) 1-602 
(7) 1-600 
(8) 1-602 
(9) 1-603 
(10) 1-603 
(11) (analysed, Table 7) 1-605 








The most obvious effect of the difference in oxidation ratio between the host 
rocks is the threefold increase in ferric iron from muscovite No. | to No. II. 
This is also shown in Fig. 10, where the y refractive indices of muscovites from all 
of the analysed Glen Clova rocks (Table 8) are plotted against rock oxidation 
ratio. Since Volk (1939) has shown muscovite refractive indices to be sub- 
stantially dependent upon ferric iron content, the correlation in Fig. 10 suggests 
that rising rock oxidation ratios are accompanied by increasing substitution of 
ferric iron for octahedral aluminium in the muscovites. 

The other differences between analyses Nos. | and 11 which can reasonably be 
attributed to the increase in rock oxidation ratio, are the increase in magnesium 
and manganese contents, and the decrease in titanium and ferrous iron contents. 
The increase in the total of divalent ions Mg-+Mn-+ Fe?*+ (which is largely the 
result of the increase in Mg alone) might represent a substitution MgSi — 
Al'‘Al” (i.e. an increase in the celadonite molecule). This should result in an 
increase in the silicon content of the mica. However, the number of silicon 
atoms in No. 11 is less than that in No. | ; one might thus suspect the substitution 
to be of the type 2(Al”, Fe*+) — 3Mg, trending towards a trioctahedral mica. 
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The other major difference between these analyses lies in the high sodium 
content of No. 11. There appears to be no reason why the increase in ferric iron 
and magnesium should favour a substitution of sodium for potasium, and hence 
this difference probably reflects the higher Na/K ratio of rock No. 11 (Table 1). 

Very similar to analysis No. 11 are analyses of muscovites from Glen Clova 
given by Barrow (1893) and Harry (1958), and reproduced in Table 7. The asso- 
ciation of high magnesium with high ferric iron content in Barrow’s analysis is 
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Fic. 10. Correlation of y refractive indices of muscovites with rock oxidation ratio. 


particularly notable; and the high ferric iron content of both muscovites suggest 
that they were separated from rocks of high oxidation ratio.’ 

The d spacings of muscovites Nos. | and 11 were measured from X-ray 
powder photographs and compared with the data of Smith & Yoder (1956). 
Both correspond to the common two-layer monoclinic muscovite polymorph, 
2M,. A muscovite collected by Dr. Yoder (personal communication; Smith & 
Yoder, 1956) from Ben Reid, Glen Clova, was likewise a 2M, polymorph. 


Summary of mineral changes 


Rocks of increasing oxidation ratio contain increasing modal amounts of 
muscovite and iron oxides at the expense of biotite and garnet: in the hematite- 
bearing rocks, hematite increases as magnetite decreases. 

The change in mineral composition with increasing rock oxidation ratio may 
be summarized: 

Garnets show a major increase in the MnO/FeO ratio, due to replacement of 
Fe by Mn; MgO apparently increases by a small amount. An increase in the 
Fe,O,/FeO ratio is due to the decrease in FeO. 

Biotites show a major increase in the MgO/FeO ratio, due to replacement of 
Fe by Mg; the MnO and Fe,O, contents also increase. The TiO, contents 
decrease. 

1 Mr. Harry kindly sent me a thin section of the rock from which his muscovite was separated. It is a 
coarse-grained quartzo-feldspathic gneiss with 24 per cent of muscovite (see mode in Harry, 1958, 


Pp. 399) and accessory biotite and garnet. The iron ores are very sparse and fine grained, but appear to 
be hematite with possibly some magnetite. 
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Muscovites show increases in MgO, MnO, and Fe,O,; contents; FeO and 
TiO, contents decrease. 


Hematites show a decrease in TiO, content. 


INTERPRETATION OF THE MINERAL VARIATION 
General discussion 


The mineral variation described may be simply interpreted in terms of the 
variation in rock oxidation ratio. The correlation between rock oxidation ratio 
and the increase in relative modal percentages of muscovite and iron oxides as 
biotite and garnet decrease (Fig. 5) may be considered first. 

While the rise in iron oxide content must be partially due to the rise, with 
oxidation ratio, in the total iron content of these rocks, the concomitant in- 
crease in muscovite, and the decrease in garnet and biotite, cannot be so ex- 
plained. If the sole influence producing iron oxide minerals were the increase in 
total iron content, garnet, biotite, and muscovite should all show a decrease, 
the total of which should be equal to the increase in the oxide phases. 

The modal variation may thus be interpreted as the direct result of the increase 
in rock oxidation ratio. Biotite and garnet are predominantly ferrous-bearing 
phases whose ferric iron contents (in this environment) were strictly limited: 
with increasing oxidation ratio, therefore, they are inhibited, their place being 


taken by the pair muscovite-iron oxides. This may be represented by the 
idealized equation: 


(OH),K.(Fe,Al)(Al,Si,)O..-+ Fe,Al,Si,O, .+4(O) 


iron eastonite almandine 
(310 c.c.) (115 c.c.) 
(OH),K.AI,(Al,Si,)O..+4Fe,0,+ 2Si0, 
muscovite hematite quartz 
(300 c.c.) (120 c.c.) (44 c.c.) 


In this equation the volume of garnet consumed is within 5 per cent of the 
volume of hematite produced, while the volume of biotite consumed is within 
3 per cent of that of the muscovite produced. These volumes correspond toler- 
ably to the volume changes plotted in Fig. 5. 

However, these rocks contain manganese and magnesium as well as iron, and 
hence the biotites and garnets are not the pure iron end-members. Since man- 
ganese is mainly concentrated in garnet, and magnesium in biotite, decreasing 
quantities of these minerals are accompanied by an increase in the garnet 
MnO/FeO ratio and in the biotite MgO/FeO ratio. Due to the preservation of 
approximately constant distribution ratios between the various minerals in 
each rock, the ratios of MnO/FeO in biotite, MgO/FeO of garnet, and of both 
MgO/FeO and MnO/FeO in muscovite, show a slight sympathetic increase. 

On the other hand, the hematite phase contains the greater share of the 
titanium of the rocks in which it occurs; as the modal percentage of hematite 
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increases, its percentage content of titanium must decrease. The decrease in the 
absolute TiO, contents of biotite and muscovite is thus probably due to the 
preservation of a constant titanium distribution between these minerals and 
the associated hematite phase. 


Phase discussion 


The above general interpretation is useful as an indication of the direction in 
which the concentration of any constituent in a mineral should vary as the rock 
oxidation ratio varies. In detail, however, these mineral changes are more 
satisfactorily interpreted in terms of phase equilibrium. 

As Thompson (1957) has emphasized, the selection of components to represent 
the many phases present in a complex rock system is a rather arbitrary pro- 
cedure. However, the oxide minerals which define the Glen Clova assemblages 
are completely represented within the three-component system Fe-Ti—O; the 
variance of the oxide minerals in this three-component system should reflect 
the variance of the complete assemblages to which they belong. Thus, from the 
phase rule P+-F = C-+2, (1) The i/menite-magnetite-bearing assemblages have 
two oxide phases in the three-component system Fe-Ti-O, and at fixed P and T 
should be univariant; (2) The i/menite-magnetite-hematite-bearing assemblages 
have three oxide phases, and at fixed P and T should be invariant; (3) The 
magnetite-hematite-bearing assemblages have two oxide phases, and at fixed 
P and T should be univariant. 

The ‘univariant’ assemblages have one degree of freedom, and hence by 
fixing the composition of the rock, the compositions of the constituent minerals 
are uniquely defined. Minerals of solid solution series occurring in these assem- 
blages should thus show a change in composition with change in rock oxidation 
ratio.! 

The ‘invariant’ assemblages, having no degree of freedom, should have 
identical mineral compositions no matter what the rock oxidation ratio. For 
graphical treatment I shall consider first the oxide minerals, and then the change 
in the composition of the silicates. 


Oxide minerals 


Fig. 11 is a projection of the system on the plane FeO—Fe,O,-TiO,. The only 
oxide mineral which could occur in a rock of oxidation ratio O would be (in the 
Glen Clova gneisses) pure ilmenite. Due presumably to the reducing effect of the 
graphite present, the oxide minerals of the Glen Clova hematite-free rocks 


1 | have treated the oxidation ratio as being the only compositional variable in these rocks. In the 
‘univariant’ assemblages variation in the other chemical constituents (Table 1) will also affect the 
mineral compositions; the most obvious case is the increase in rock MnO content shown in Fig. 4, 
which must contribute to the rise in garnet spessartite contents. However, the effect of variation in 
constituents other than oxygen appears to be small in comparison with that of oxidation ratio, and 
in this discussion will be ignored. 

6233.2 P 
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(virtually pure ilmenite and minor amounts of magnetite) lie very close to this, 
at approximately point a. 

In ‘multicomponental space’ the path taken by assemblages in rocks of in- 
creasing oxidation ratio should be that joining the original composition with 
oxygen. Increasing oxidation ratios, however, involve a ‘transfer’ of iron and 
titanium from the silicates to the oxide minerals; on this projection, therefore, 


: SS Fes0,4 
Magnetite 








FeO 





Ti02 


FeTiO 
Rutile Md 


Iimenite 


Fic. 11. System Fe,0;-FeO-TiO,, showing the postulated phase relationships of the Glen Clova 
oxide minerals. 


the oxide assemblages will follow a curved path such as ab, trending towards the 
FeO-Fe,O, join. Graphite-free ilmenite-magnetite-bearing rocks should there- 
fore be characterized by increasing ratios of magnetite to ilmenite, the ilmenite 
phase increasing in Fe,O, content, as the rock oxidation ratio increases. 
When the limit of solid solution of hematite in ilmenite is reached, the in- 
variant field ilmenite-magnetite-hematite is entered. Point b represents the 
approximate position of the Glen Clova assemblage No. 6. Increasing oxidation 
ratios within this field should involve no change in mineral composition, only a 
change in their proportions, until c, the boundary of the univariant magnetite- 
hematite field, is reached. Here the ilmenite phase disappears from the assem- 
blage; from this point along the line cd, each oxidation ratio is represented by 
a Fe,O, s.s._Fe,O, tie-line, successively increasing oxidation ratios involving 
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hematites of successively lower titanium content, and successively increasing 
ratios of hematite phase to magnetite. Presumably at some point, d, the line 
ce cuts the join Fe,O,-FeTiO,; at a rock oxidation ratio equivalent to this 
point, magnetite would disappear from the assemblage. The Glen Clova gneiss 
No. 11, which contains less than | per cent of magnetite, must be very close to 
this position; the composition of the hematite phase from this rock, 25 mole per 
cent ilmenite, thus gives the approximate position of d. 

Since neither pseudobrookite, nor hematite containing substantial titanium, 
would be expected as a phase at the relatively low temperatures of regional 
metamorphism, the oxide minerals in rocks of oxidation ratio higher than that 
represented by d would probably be titaniferous hematite plus rutile; a rock 
of oxidation ratio 100 (at approximately point e) would contain pure hematite, 
plus rutile. 


Silicate minerals 


The change in the composition of the silicate minerals is probably best illus- 
trated with respect to the MnO/FeO ratios of garnet and the MgO/FeO ratios 
of biotite. The distinctive feature of the compositional variation of these minerals, 
shown in Figs. 6 and 9, is the low rate of change in rocks of low oxidation ratio 
and the high rate of change in minerals from rocks of high oxidation ratio. 

Unfortunately, the number of essential components present in the Glen 
Clova rocks makes it impractical to interpret this in terms of a two-dimensional 
phase diagram. However, the fundamental principle involved in this composi- 
tion change, that of the inhibition of the ferrous-bearing end-member of a solid 
solution series, and the consequent promotion of the opposing end-member by an 
increase in oxygen content, should be shown by any silicate solid solution series 
in which ferrous iron is substituted for by an ion occurring only in the divalent 
state.! 

It should therefore be possible to illustrate this principle by using a more 
simple system. As an example, the enstatite-ferrosilite solid solution series may 
be taken. Fig. 12, a one-point projection of the system Mg-—Fe-Si-O from SiO, 
on to the MgSiO,-FeSiO,—O plane, represents the hypothetical subsolidus phase 
relationships in association with free quartz, under such PT conditions that the 
complete orthopyroxene series would be stable. The tie-lines shown follow from 
the assumption that a ferrous-bearing pyroxene will not occur with pure hema- 
tite. Whether or not this assumption is correct will not be known until the system 
is determined experimentally (see discussion in Eugster, 1959, pp. 419, 421); 
however, the existence of tie-lines between hematite and intermediate ferrous- 
bearing pyroxenes should not invalidate the principle which Fig. 12 illustrates. 

The line connecting point a with the oxygen apex of Fig. 12 represents 
the course of composition change, with increasing oxidation ratio, of a ‘rock’ 


* Manganese fulfils this qualification in the Glen Clova gneisses, since in these rocks it is unlikely 
that the oxidation potential was high enough to convert Mn** to Mn** or Mn**. 








204 G. A. CHINNER—PELITIC GNEISSES FROM SCOTLAND 


consisting originally of quartz, and a pyroxene of composition Fs,;En,;. At point 
a the ‘rock’ has an oxidation ratio of 0, while at point c, where the join 
hematite-enstatite (-+quartz) is intersected, it will have an oxidation ratio of 
100. Two fields are represented: a univariant field of magnetite—pyroxene 
s.s. (+quartz) assemblages, and an invariant magnetite-hematite-enstatite 
(+ quartz) field. 








Hematite 
Fe203 


Magnetite 





Ferrosilite a me 
FeSiO Aiesi, 


Fic. 12. Projection of the system Fe-Mg-Si-O on to the FeSiO,;-MgSiO,-O plane, 

showing the postulated phase relationships in equilibrium with free quartz; under such 

PT conditions that the complete orthopyroxene solid solution series is stable. Inset shows 
the position of the projection in the tetrahedron O-FeO-MgO-SiO,. 


Within the univariant field each oxidation ratio is represented by a tie-line 
joining magnetite to a unique pyroxene composition, ‘rocks’ of increasing 
oxidation ratio containing pyroxenes of increasing MgO/FeO ratio as the ferro- 
silite component of the pyroxene ‘reacts’ with the successive increments of 
oxygen to give increasing proportions of magnetite and quartz. As the oxidation 
ratio of the ‘rock’ increases, magnetite—pyroxene tie-lines are intersected with 
increasing frequency; the rate of change of pyroxene MgO/FeO ratios is thus 
greater at high ‘rock’ oxidation ratios than at low oxidation ratios. This yields 
the characteristic curve ah, plotted in Fig. 13; the precise equation of this curve 
will, of course, depend on the original MgO/FeO ratio selected for point a, but 
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Fic. 13. Change in composition of pyroxenes along the line abcO of Fig. 12. 
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Fic. 14. Interpreted manner of biotite and garnet composition change in Glen 
Clova. RO = MgO for biotite, MnO for garnet. Plotted points are those of the 
biotites and garnets in Figs. 6 and 9. 


the general form will remain. In the invariant (three-phase) field hematite— 
magnetite-enstatite, the composition of the pyroxene does not change, ‘rock’ 
oxidation ratios in the range bc being represented by varying proportions of 
these three minerals; this is shown by the portion bc of the curve of Fig. 13. 
This simple model demonstrates the derivation of the general form of the 
biotite and garnet composition curves, but in the more complex Glen Clova 
system the presence of titanium, introducing another oxide phase, requires 
a modification of this. Thus, while in the simple case the mineral assemblages 
encountered with increasing ‘rock’ oxidation ratio are the univariant magnetite— 
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pyroxene-(quartz), and the invariant magnetite-hematite-enstatite—(quartz), 
in the Glen Clova rocks the corresponding assemblages are the univariant 
magnetite—ilmenite—biotite-garnet (+kyanite, &c.), the invariant ilmenite- 
magnetite-hematite—biotite-garnet (+-kyanite, &c.), and the univariant magne- 
tite-hematite—biotite-garnet (+ kyanite, &c.). The curves of composition change 
in the Glen Clova biotite and garnet may therefore be interpreted as being 
of the kind represented in Fig. 14. 

The lines pg and p’q’ represent the composition change of biotites and garnets 
from the univariant ilmenite-magnetite assemblages. Since these assemblages 
occur in rocks of low oxidation ratio, the rate of composition change is low. 

The lines gr and q’r’ represent the fixed biotite and garnet compositions in the 
invariant ilmenite-magnetite-hematite assemblages. Due to insufficient data, 
the exact extent of these lines is unknown. 

The lines rs and r’s represent the change in composition of biotites and garnets 
from the univariant magnetite-hematite assemblages. These occur in rocks of 
high oxidation ratio, and the slope of the curve is high, obviously culminating 
(in a rock of oxidation ratio 100) in ferrous-free biotites and garnets. 


Conclusion 


In the univariant magnetite-ilmenite assemblages, the oxidation ratio fixed 
the composition of the constituent minerals and, during metamorphism, of the 
associated vapour phase. One would expect the rate of change of mineral com- 
position with increasing rock oxidation ratio to be low. Actually, all of these 
assemblages analysed have a content of graphite which, by the equilibrium with 
the vapour phase C+H,O = CO-+-H,, was presumably sufficient to keep their 
oxygen contents low, and substantially equalized. The oxidation ratios of these 
rocks thus encompass a narrow range (6-14), a range that would probably 
appear even more narrow were it not for the analytical errors inevitable when 
ferrous iron is determined in the presence of carbon. With the exception of the 
erratic ferric contents, the compositions of the constituent iron-bearing mine- 
rals are also very similar, probably to within the limits of sampling and analysis. 

The invariant i/menite-magnetite-hematite-bearing rocks represent assem- 
blages in which, over a limited range of oxygen contents, the composition of the 
minerals, and hence the composition of the vapour phase, was constant, varia- 
tions in oxidation ratio being accommodated by varying proportions of mag- 
netite, ilmenite, hematite, and silicate minerals. Since only one such rock from 
Glen Clova has been analysed, the actual range of oxidation ratio encompassed 
by these invariant assemblages is not known. 

The magnetite-hematite-bearing assemblages are univariant at fixed tempera- 
ture and pressure, and thus, as in the case of the univariant ilmenite—magnetite 
assemblages, the oxidation ratio of each rock fixes uniquely the compositions 
of its constituent minerals. With rising oxidation ratio, the Fe,O,/FeO, 
MnO/FeO, and MgO/FeO contents of the minerals increase; TiO, contents 
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decrease. The rate of change is high. During metamorphism the oxidation ratio 
would also have fixed the composition (hydrogen/oxygen ratio) and hence the 
Po,,! of the associated vapour phase. 


ORIGIN OF THE DIVERSE OXYGEN CONTENTS 


In the previous sections I have treated the Glen Clova gneisses as a series of 
increasing oxygen content, implying that it was the oxygen content of a rock 
which fixed the composition of the minerals and hence, during metamorphism, 
the oxygen partial pressure of the aqueous phase in equilibrium with it. Such a 
treatment implies that during metamorphism the system was ‘closed’ to oxygen, 
and that the oxygen contents are therefore of premetamorphic origin. 

However, partial oxygen pressures and oxygen contents can be dependent 
variables, and hence it could equally well be assumed that the varying partial 
pressures in a vapour phase imposed from outside governed the composition 
of the minerals, thus producing the varying oxygen contents of the various rock 
layers. This is essentially the situation realized in the experimental work of 
Eugster (1959) and Wones (1959) on the system annite-phlogopite—water, in 
which biotites were synthesized at partial pressures of oxygen imposed by an 
external ‘buffer’ redox pair. In a natural system thus ‘open’ to oxygen varying 
oxygen contents between rock layers would have to be regarded as being of 
metamorphic (i.e. metasomatic) origin. 

The Glen Clova gneisses occur in a region extensively veined by quartzo- 
feldspathic segregations and injections, which imply the existence of a certain 
degree of metasomatic activity, at least over limited distances, during their 
metamorphism; until the nature and mechanism of such metasomatic activity is 
thoroughly understood it is not possible conclusively to affirm or deny it a part 
in the production, or at least modification, of the varying oxygen contents 
characteristic of these rocks. In places, however, hematite-rich bands and 
ilmenite-magnetite-bearing bands only an inch or two thick may be found 
intimately interlayered; it is difficult to conceive that the composition of an 
externally imposed vapour would vary so abruptly as to produce such differences 
in oxygen content over such narrow distances, so rigidly confined to the sedi- 
mentary banding. 

I would thus regard these varying oxygen contents as being of premetamorphic 
origin. A less subjective line of evidence may, however, be deduced from the 
related but separable correlations—firstly, between total iron and oxidation 
ratio, and secondly, between manganous oxide? and oxidation ratio, observed 


’ By the mass action equation the partial pressure of oxygen of an aqueous vapour is an inverse 
function of the partial pressure of hydrogen; and at constant T the partial pressure of a gaseous com- 
ponent is a function of its concentration (for example, see Eugster, 1959, pp. 407-8). 

* It should be re-emphasized that the exact oxidation state of this manganese is not known. Since 
the reaction Mn** —- Mn***+e requires a higher oxidation potential than the analogous Fe** — 
Fet++++ e, divalent iron will, in ionic solution, reduce trivalent manganese; thus while manganous, 
ferrous and ferric ions may coexist, ferrous and manganic ions may not (e.g. Mason, 1949). It is 
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in these rocks. The correlation between MnO and oxidation ratio, which is 
essentially a correlation between MnO and ferric iron content, is a puzzling one, 
for in any process, sedimentary or metasomatic, MnO would be expected to vary 
with ferrous, rather than with ferric, iron. It could be assumed that the original 
correlation was one between tri- or quadrivalent manganese and total iron, 
the manganese having been subsequently reduced. In this case, since ferrous 
ions would reduce manganic, it must also be postulated that all of the iron was 
originally in the ferric state. 
Thus, these correlations could be produced in two stages: 


(1) The production of a completely oxidized series of rocks in which trivalent 
iron varied with tri- or quadrivalent manganese; and 


(2) The reduction of this series by constant amounts to produce ferric 
ferrous ratios which would be essentially dependent upon the original total iron 
content. In such a process the manganic manganese would be reduced to man- 
ganous, but if the iron/manganese ratio were high this subsidiary reduction 
would negligibly affect the ferric/ferrous ratios. MnO, varying with total iron, 
would thus show a positive correlation with oxidation ratio. 


Such a sequence of events may most readily be interpreted in terms of a sedi- 
mentary process. The divalent ions of both manganese and iron are soluble, 
while trivalent ions are readily hydrolysed and precipitated as the insoluble 
manganic and ferric hydroxides. Thus the frequent association between iron 
and manganese in sedimentary deposits, and in particular the correlation be- 
tween these elements in the Glen Clova gneisses, is not, at first sight, surprising. 

The specific processes involved in the production of carbonate-free sedimen- 
tary iron- and manganese-bearing deposits are, however, still in doubt. The 
oxidation potential of present-day ocean water, at the appropriate pH value 
(approx. 7) is higher than that required to convert ferrous ions to ferric, but 
lower than that required to oxidize manganous ions. Thus a complete separation 
between iron and manganese is normally achieved (Krauskopf, 1957), the con- 
tent of iron in true solution in sea-water being very low. To explain the occur- 
rence of iron in modern deep-sea deposits a variety of hypotheses have been 
proposed. A summary is given by Goldberg and Arrhenius (1958), who favour 
the view that iron is transported as colloidal Fe(OH), and precipitated by dis- 
charge at the sediment—water interface. To explain the frequent association of 
manganese and iron in manganese ‘ nodules’, these authors suggest that divalent 
manganese in solution in sea-water can be catalytically oxidized and precipitated 
on the surfaces of previously precipitated ferric oxide hydrate. Alternatively, 
ferric iron protected from hydrolysis by complexing with organic compounds 


generally assumed that such a relationship is operative for ions bonded in silicate structures when, 
in ferrous-bearing rocks, manganese determined in the septavalent state is quoted as MnO. The exist- 
ence of Mn**-containing minerals (e.g. piedmontite) with ferrous-bearing minerals might tend to 
negate such an assumption. However, since most of the manganese in the Glen Clova rocks is contained 
in garnet, it is probably divalent. 
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may be precipitated when bottom-dwelling organisms feed upon the organic 
material (e.g. Graham, 1959). 

Without knowledge of the depositional environment or original mineral 
composition of the Glen Clova gneisses, it is difficult to apply any of these ideas. 
Perhaps the simplest way of deriving a correlation between manganese and iron 
would be to postulate a marine environment of oxidation potential sufficient 
to oxidize both, in a depositional basin fringing a land mass. Divalent ions being 
transported by fresh water into such an environment would be quantitatively 
precipitated ; if the settling precipitates were mixed with varying proportions of 
hydrolysate and clay minerals concurrently being deposited upon the surface 
of sedimentation, layers would result in which the total amounts of iron and 
manganese would vary, but in which the ratios of iron to manganese would 
remain constant. This process would therefore produce, in the resulting layers 
sediment, a correlation between manganese as Mn(OH), or MnO.-hydrate, and 
iron, as Fe(OH); by the reduction of each of these layers by a constant amount, 
Fe,O,/FeO ratios varying directly with the total iron content, and hence also with 
the manganese content, could be achieved. Such a reduction could occur at one 
of two stages in the rock history—during diagenesis or during metamorphism. 

Diagenetic reduction is normally considered to occur through the agency of 
bacterial action on organic material included in the sediment. Such organic 
material is presumably the remains of dead organisms which have fallen from 
the upper layers of water in the basin of sedimentation on to the depositional 
interface; with a slow rate of sedimentation in an oxidizing environment, such 
organic material is normally destroyed by scavengers, but if the rate of accumu- 
lation is high enough it presumably can be incorporated into the sediment to 
assume the role of a diagenetic reducing agent. Thus constant amounts of 
reduction in a sequence of sedimentary layers of varying ferric iron content 
could be produced if, during sedimentation, a rapidly accumulating aggregate 
of clay minerals and ferric-manganic hydroxides had incorporated organic 
material falling at a constant rate into the depositional environment. The pre- 
sence of graphite in the hematite-free rocks of Glen Clova does suggest that 
these rocks contained organic material at an early stage of their history, but 
it gives no proof that a partial reduction of the hematite-bearing rocks was 
achieved by such an agency. 

A similar effect could be produced during metamorphism if the aqueous 
vapour phase contained a sufficient hydrogen content to cause some, but not 
complete, reduction. This would imply that at the outset of metamorphism the 
ratios of hydrogen to oxygen of the vapour phase in the various layers were 
essentially equal, and that during metamorphism little or no interchange of 
hydrogen between the layers occurred. While no evidence is available to enable 
one to choose between these two hypotheses, the latter, no less than the former, 
requires that during metamorphism there was little interchange of oxygen 
between rock layers. 
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The correlation between manganese, total iron, and oxidation ratio would thus 
appear to support the suggestion that the differing oxygen contents in the Glen 
Clova gneisses are at least partially of sedimentary origin, and therefore that, 
during metamorphism, these rocks behaved as a system ‘closed’ to oxygen, 
Their treatment as a chemical sequence in which the oxygen content controlled 
the composition and proportions of the mineral phases may thus be justified. 

This is in harmony with observations from other regions, which suggest that 
during regional metamorphism, at least up to the sillimanite grade (sillimanite- 
almandine subfacies of Fyfe, Turner, & Verhoogen, 1958), little reduction or 
oxidation is achieved.! The most spectacular instance is undoubtedly James’s 
(1955) demonstration that in the Precambrian iron formations of northern 
Michigan, interbedded layers of hematite quartzite and magnetite quartzite of 
sedimentary origin retain their identity into the sillimanite zone. On this basis 
James & Howland (1955) have concluded that the degree of oxidation achieved 
by a rock during sedimentation and diagenesis remains virtually unaltered dur- 
ing subsequent metamorphism. Similarly, Rankama & Sahama (1950, p. 232) 
state ‘it is evident that, once oxidized, rocks tend to retain their oxygen during 
metamorphism’. Thompson (1957) has observed that ‘the analysis of pelitic 
assemblages has been more successful when the system has been treated as 
closed to oxygen’, and Yoder (1957, p. 233) has argued strongly in favour of this 
concept. 

The treatment of rock layers of varying oxygen content as restricted ‘closed’ 
systems in which the mineralogy, and hence the composition of the vapour phase, 
was controlled by the chemical composition of the individual layer does, how- 
ever, involve some difficulties. Except in the case of ‘invariant’ assemblages 
(where differences of oxygen content are represented merely by differences in the 
proportions of minerals of the same composition), the partial pressure of oxygen, 
and hence the ratio of hydrogen to oxygen, of the aqueous vapour phase in 
equilibrium with the layers of varying oxygen content must have varied from 
layer to layer, even when, as in the Michigan iron formations, or occasionally 
in the Glen Clova gneisses, these layers are intimately interbedded. Eugster 
(1959, p. 423) has suggested that hydrogen should be one of the most mobile of 
constituents during metamorphism, and since ‘the diffusion of hydrogen in one 
direction has the same net effect on redox reactions as the diffusion of oxygen in 
the opposite direction’ (Eugster, 1959, p. 411), it is difficult to understand why 
the vapour phase throughout a sequence of ‘univariant’ layers did not reach a 
constant composition, thus equalizing the differing oxygen contents of the layers. 
In the case of the preservation of contiguous hematite-quartz and magnetite- 
quartz bands in the Michigan iron formations, Eugster has cut the Gordian knot 
by assuming that no vapour phase was present to facilitate oxygen/hydrogen 


1 Although Shaw’s (1956) average of staurolite to sillimanite grade pelites has an oxidation ratio of 
28, in comparison with a value of 46 for rocks of garnet grade or lower, suggesting progressive reduc- 
tion with increase of metamorphic grade. 
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exchange; but this cannot be assumed in the Glen Clova gneisses, or in the 
portions of the Michigan formations where hydrous silicates are present. 

The failure of adjacent layers to reach equilibrium with each other may result 
from the restricted capacity of the vapour for oxygen exchange. Since the vapour 
can only occupy the ‘pore spaces’ between mineral grains, the proportion of 
vapour to solid phases of a rock during metamorphism must undoubtedly be 
small; in comparison with the total oxygen content of a rock, therefore, the 
oxygen content of its associated vapour would probably be small. The reducing 
or oxidizing capacity of such a vapour would thus be low, and the degree of 
equalization of oxygen contents between rock layers achieved by the interchange 
of hydrogen would depend to a large extent on the time available for diffusion. 
Reduction or oxidation under such conditions would thus be essentially a rate 
process; what is fundamentally a system ‘open’ to oxygen may therefore behave 
as a ‘closed’ system during the limited period of metamorphic recrystallization. 

These conclusions are to some extent supported by the fact that in the high- 
temperature low-pressure environments of thermal metamorphism rocks in 
general appear to behave as if the system were ‘open’ to oxygen, and some 
degree of reduction of highly oxidized rocks is often found. Thus, in the aureole 
of the Glen Doll diorite the rocks of high oxidation ratio described here have 
been reduced, hematite being pseudomorphed by magnetite, and magnetite in 
its turn having reacted with the more magnesian biotites and manganiferous 
garnets to give iron-rich biotites, cordierite, and occasionally almandine garnet. 
I shall describe these rocks more fully in a subsequent paper. Similar instances 
have been recorded from the contacts of the Brocken granite of the Harz 
(Ramdohr, 1927) and of the Duluth gabbro (Grant, 1900), where hematite and 
quartz have reacted to give fayalite-bearing assemblages. Similarly, highly 
oxidized laterites xenolithic in Tertiary diabase at Tievebulliagh, Ireland (Agrell 
& Langley, 1958), have been reduced; successive stages of reduction involve a 
transition from rocks containing iron-corundum, iron—mullite, hematite, and 
pseudobrookite, to hercynite, iron-free mullite and corundum, magnetite, and 
ilmenite-bearing assemblages. Banded hercynite-corundum-anorthite hornfelses, 
xenolithic in the Tertiary hypersthene-gabbro of Ardnamurchan, have been 
interpreted by Richey (1930) and Harker (1939) as being of similar origin. 

This general difference in behaviour between the environments of regional 
metamorphism, effectively closed to oxygen, and of thermal metamorphism, 
essentially open to oxygen, may be the result of several factors. The abrupt 
thermal gradients within the narrow aureole surrounding an igneous body, and 
the disruption of wall rocks by the intrusion, possibly result in a much greater 
mobility of water than is found over the broad zones of regional metamorphism, 
where thermal gradients are gentle. Moreover, the central igneous intrusion 
probably provides a continuous source of ‘water’ in which the hydrogen/ 
oxygen ratios have been controlled by equilibrium with the ferrous-bearing 
silicates, and magnetite-spinel phases, of the crystallizing melt. The thermal 
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metamorphic environment may then closely approximate to the situation realized 
in the experimental technique of Eugster, in which the crystals of the igneous 
mass correspond to the external ‘buffer’, the aureole rocks to the internal 
‘charge’, and in which a sufficient volume of ‘water’ is present to impose the 
Po, of the ‘buffer’ upon the ‘charge’. As Eugster (1959, p. 424) has emphasized, 
such an ‘open’ system could be either ‘ oxidizing’ or ‘reducing’, depending upon 
the composition of the vapour phase; but since the normal igneous body is 
generally more ‘reduced’ than its country rock, and since the mass of igneous 
rock is generally far greater than that of the narrow thermal aureole surrounding 
it, thermal hornfelses, if affected at all, will generally be reduced. 


PROGRESSIVE REGIONAL METAMORPHISM OF PELITES RICH IN 
FERRIC IRON 


The previous discussion has involved rocks which are, as well as can be judged, 
isofacial. From the relationships observed, however, it is possible to make certain 
generalized deductions concerning the mineralogical development of pelitic sedi- 
ments of high oxidation ratio during progressive regional metamorphism of the 
Scottish Dalradian ‘type’ within the chlorite, biotite, and garnet zones. 

If one excludes such minerals as stilpnomelane, which appears to be typically 
developed in more soda-rich, potash-poor metasediments (see analyses in Hut- 
ton, 1938), it may be said that no silicate minerals bearing substantial amounts 
of ferric iron can be formed in rocks of pelitic composition. Thus in such rocks 
‘closed’ to oxygen, ferric iron should be a virtually inert component, and, as is 
seen in Glen Clova, rocks of high oxidation ratio should behave as essentially 
magnesium- and manganese-rich compositions. It is therefore necessary to 
review briefly what is known of the behaviour of pelitic rocks of high MnO/FeO 
and MgO/FeO ratio during progressive metamorphism. 

Due to the lack of quantitative data, the mineral reactions which give rise 
to the standard zonal sequence chlorite zone — biotite zone —> garnet zone are 
still virtually unknown; the many discussions of this topic have merely empha- 
sized the variety of reactions which might occur. It appears to be generally 
agreed (Harker, 1939) that biotite develops at the biotite isograd from chlorite 
and a dioctahedral mica. Ramberg (1952) suggested that the reaction involved 
is one between muscovite and an aluminium-free chlorite to give biotite and an 
aluminium-rich chlorite of the type Rj*+Al,.Al,Si,O,,(OH),, with approximately 
30 weight per cent Al,O;. This may be criticized on the grounds that the few 
available analyses indicate that chlorite-zone chlorites are ripidolites (classifica- 
tion of Hey, 1954), with some 20 per cent Al,O,, and that biotite-zone chlorites 
appear to be no richer in aluminium than this. Other reactions which have been 
suggested involve the combination of a potash-rich muscovite with chlorite to 
give biotite, and a potash-deficient muscovite (Tilley, 1926); or of a high-silica 
sericite with chlorite to give biotite plus muscovite (Yoder, 1959, based on the 
unpublished data of Dr. R. St. J. Lambert). 
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Knowledge of the reactions which give rise to an almandine-rich garnet at the 
garnet isograd has not materially increased since Tilley’s (1926) discussion of the 
problem. At this low grade of metamorphism, garnet appears to arise from 
the reaction of quartz with chlorite which remains from the previous biotite- 
producing reaction ; rocks whose chlorite content has been completely utilized in 
the development of biotite-muscovite assemblages probably do not form garnet 
until a grade is reached at which biotite is unstable. However, while the ratios 
of RO/R,O, of schist-forming chlorites and garnets are virtually identical, the 
ratios FEO/MgO and MnO/MgO of garnets appear to be normally higher than 
those of the chlorites from which they form. This discrepancy cannot be made 
up by simple addition of FeO or MnO, and, of course, in a system closed to 
oxygen the participation of magnetite or hematite is unlikely. In the Scottish 
Dalradian, where chlorite often appears to be completely consumed at the 
garnet isograd, the basic reaction may be of the type 


chlorite+ biotite, + quartz —> garnet-+ biotite,+ water, 


where biotite, has a higher ratio of FeO/MgO than biotite,. In regions such as 
Stavanger, where garnet appears at a grade lower than that of the standard 
biotite isograd, a basic reaction can be envisaged: 


chlorite, + quartz —> garnet+-chlorite, + water, 


in which chlorite, has ratios FEO/MgO and MnO/MgoO greater than those of 
chlorite,. Since the garnets of pelitic schists contain notable amounts of calcium, 
plagioclase probably participates in these reactions; the participation of mus- 
covite in the reactions involving biotite would allow greater amounts of garnet 
to form. 

Whatever the precise reactions which occur at the boundaries of the biotite 
and garnet zones, the ‘lines joining the points of entry’ of these minerals will be 
isograds in the strict sense only if rocks of the same effective composition are 
being considered. These isograds will normally be of the type described by 
Thompson (1957, p. 857) as being * based on the simple shift of the boundary of 
a three-phase field across some specific composition’ ; variations in the chemistry 
of the rocks will result in the displacement of the isograds to metamorphic grades 
higher or lower than the normal, and if this displacement is great enough, 
reversals of the standard zonal ‘succession may occur. Since the major com- 
positional changes which schist-forming chlorite, biotite, and garnet undergo 
involve the intersubstitution of divalent manganese, magnesium, and iron, and 
since the T and P at which the Mn, Mg, and Fe end-members of these minerals 
react will undoubtedly be different, it is probable that the rock compositional 
changes most affecting the position of a biotite or garnet isograd will be varia- 
tions in the ratio MnO/MgO/FeO. Available analytical data suggest the dis- 
tribution ratios of Mn, Mg, and Fe between coexisting chlorite, biotite, and 
garnet to be such that the MnO/FeO ratio of garnet >chlorite>biotite, while 
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the MgO/FeO ratio of chlorite>biotite>garnet. Thus the effect of high 
MnO/FeO ratios in a pelitic rock should be to promote the formation of garnet 
at the expense of chlorite at a lower metamorphic grade than usual, and to 
delay the production of biotite; it is well known that in rocks of a relatively 
high MnO/FeO ratio a spessartite garnet can form within the chlorite zone, at 
a metamorphic grade lower than that corresponding to the biotite isograd in 


‘normal’ pelitic metasediments (Tilley, 1923; Miyashiro, 1953). 


Relationship of postulated assemblages developed in pelitic rocks of varying oxida- 


TABLE 9 


tion ratio within the chlorite, biotite, and garnet zones 

















Barrow-Tilley | Pelitic metasediments of \ Pelitic metasediments of | Pelitic metasediments of 
zone low oxidation ratio high oxidation ratio oxidation ratio = 100 
chlorite—sericite— chlorite—sericite- 
: wi magnetite—hematite hematite—rutile 
chlorite chlorite-sericite- SS. _ _ revercereccerccersrsceressnceesssereee 
Simemite-magmetite = [..........ccccecccccccceccesesccone 
garnet-chlorite— garnet-chlorite— 
muscovite-magnetite- | muscovite-hematite- 
biotite-chlorite— hematite s.s. rutile 
biotite muscovite—ilmenite— perregy een yr reer seee 
magnetite lotite-garnet—c ION re on ae eee eins 
muscovite—-magnetite- biotite-garnet-chlorite- 
hematite s.s. muscovite—hematite- 
iguanas SIEM hee aS SE rutile 
7 garnet-biotite- Pe tages Mts 
eo dine) muscovite-ilmenite— | biotite-garnet- , biotite-garnet- 
magnetite muscovite-magnetite-| — muscovite—hematite- 
hematite s.s. rutile 














Similarly, iron-rich biotites and garnets should form at metamorphic grades 
lower than those rich in magnesium ; a high MgO/FeO ratio in a rock should thus 
delay the formation of biotite and garnet, and hence prolong the existence of a 
magnesian chlorite. In the pelitic schists of eastern Vermont, Dr. J. B. Thompson 
(personal communication) has found that magnesium-rich chlorites persist until 
the kyanite zone is reached. 

Much more analytical data will be required before the relative significance 
of these two factors, in rocks rich in both magnesium and manganese, can be 
quantitatively evaluated. However, in the extreme case of a pelitic rock of oxida- 
tion ratio 100, a spessartite garnet would probably appear at a relatively low 
grade of metamorphism, whereas both the development of eastonite and the 
disappearance of chlorite would -be delayed to relatively high metamorphic 
grades. Rocks of intermediate oxidation ratio would presumably develop these 
minerals at intermediate metamorphic grades; for example, there is probably 
an oxidation ratio (i.e. effective Mn/Mg/Fe ratio) for which the biotite and 
garnet ‘isograds’ are coincident. The relationship between assemblages and 
‘isograds’ developed in pelites of varying oxidation ratio is suggested in Table 9. 

It is apparent that a study of the direction in which an isograd is displaced by 
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varying MnO/FeO or MgO/FeO rock compositions will give valuable informa- 
tion as to the precise nature of the reaction which defines that isograd. Rocks of 
varying oxidation ratio would be of great use in such studies, since they simulate 
much wider ranges of MgO/FeO and MnO/FeO ratio than are commonly found 
in normal pelitic rocks, and, furthermore, are readily identified in the field by 
their high content of iron oxides. 

The rocks of high oxidation ratio which I have described from Glen Clova 
occur on a well-defined stratigraphic horizon, being very close to the green 
beds in the Pitlochry schist of the Dalradian succession: this horizon can be 
followed (Phillips, 1930) into the lowest grades of metamorphism in the Scottish 
Highlands. The discovery and study of the chlorite, biotite, and garnet zone 
equivalents of the Glen Clova gneisses along this horizon would add greatly to 
our knowledge of the mineral reactions which relate these zones. 
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ABSTRACT 


The literature on the mineralogy and petrology of the scapolite family is reviewed. The 
general formula was examined in the light of 126 analyses from the literature, together with 
9 new analyses. Of these 135 analyses, refractive indices were available for 64. Sixty-four of the 
analyses were rejected as unsatisfactory, 46 were classed as dubious, and 35 were accepted as 
satisfactory. In the absence of complete structural information the following formula was 
established as provisionally suitable: 


W.Z,20%.R, 

where W is mainly Ca, Na, and K, but may include small amounts of other metals; Z is Si and 
Al, often with excess Si and deficient Al, but sometimes the reverse; R is (a) CO;, SO,, O.H,, 
Cl,, or F,, for meionite components, or (6) Cl, F, HCO,, HSO,, or OH, for marialite. The 
nomenclature is accepted as marialite, Me,—-Me.».; dipyre, Mego—Me;.; mizzonite, Me,,.- 
Mego; meionite, Meso—Mejo9. Pure marialite does not occur in nature and 80 per cent Ma 
is the maximum attained. 

The relations between average index and birefringence with composition were investigated. 
A determinative chart showing average index versus per cent. Me was constructed, but the 
variation of birefringence with composition is more complex and cannot yet be used for 
accurate determination of scapolite composition. Variation of density with per cent Me also 
shows poor correlation. 


‘INTRODUCTION 


THE scapolites comprise one of the few important groups of silicate minerals 
which have not been subjected to modern mineralogical, petrological, and 
geochemical study. The crystal structure is uncertain, the general formula is con- 
sequently in doubt, and the optical determinative curves leave much to be 
desired. The conditions of formation are known only from petrographic inter- 
pretation, and successful synthesis of scapolite has not been confirmed. The 
composition is related to plagioclase feldspar and the two minerals often show 
replacement relationships: scapolite is a much more symmetrical mineral but 
nevertheless may be expected to record its thermal history as do the feldspars. 
After mapping in parts of the Grenville province of the Canadian Pre- 
cambrian shield, where scapolite is a quite common mineral, over a few years, it 
seemed that a close study of the scapolite family might aid in the interpretation 
of some petrological problems and might also be of value in relation to some of 
the topics mentioned above. The present paper reviews previous data and inter- 
pretations and discusses the general mineralogy of the family. Part II will be 


(Journal of Petrology, Vol. 1, Part 2, pp. 218-260, June 1960] 





rs i li 











as. wet 2 & 






AY 


~~,” 














D. M. SHAW—THE GEOCHEMISTRY OF SCAPOLITE 219 


concerned with a spectrographic study of some major, minor, and trace elements, 
and will include a discussion of the petrology and geochemistry of scapolite. 
It is intended that future papers will deal with the results of X-ray diffraction 
and synthesis studies which are at present under way at McMaster University. 


GENERAL MINERALOGY 


The name ‘scapolite’ refers to a family of tetragonal alumino-silicate minerals 
containing CO;, SO,, Cl, and other anions. The principal cations (excluding Si 
and Al) are Ca and Na, and the general range of composition is given in Table 1. 


TABLE 1 


Major elements in scapolite 








Element or Crustal 

Oxide Range abundance 
% 

SiO, 41-60 59 
Al,O; 19-32 15 
Fe,O,* up to 1-0 7 
MgO up to 1-9 3°5 
CaO 3-4-21 5-1 
Na,O 0-5—10-7 3-8 
K,0O up to 3-6 3-1 
Co, up to 4:8 — 
Cl up to 3-3 0-02 
SO, up to 4:2 — 
F up to 0-9 0-07 
H,O+ up to 2:1 —_— 











* Total iron as Fe,O3. 
+ Generally much less. 


Compared with the crust of the earth, scapolites are enriched in Ca, Na, C, Cl, S, 
H, and possibly F. 

Scapolite is one of the less common rock-forming minerals, but is fairly widely 
distributed in metamorphic rocks, especially those rich in Ca. It may occur in 
pegmatites but is otherwise unknown as a primary igneous mineral: it is not 
known to form in sedimentary environments. 

Crystals characteristically show first- and second-order prisms and may be 
elongated and striated parallel to c. Pyramidal faces are more common termina- 
tions than the basal plane. As a rock constituent the grains are usually anhedral, 
and scapolite has a low position in the idioblastic series. There is a distinct 
prismatic cleavage; H = 5-6; G = 2:50-2:78. 

Most varieties are translucent or opaque, but gem-material is clear with 
a glassy lustre. The colour is most commonly white, grey, or pale brown, but 
orange-brown, yellow, pink, violet, and blue varieties are not infrequeni. 
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When abundant inclusions are present the colour may be nearly black. Scapolite 
is colourless in thin section and is uniaxial negative with low—moderate bire- 
fringence. Optical properties have been recorded in the following range: 


n,  1°545-1-610 
n 1-540-1-570 


e 


dn 0-005-0-040 


Density, birefringence, and refringence are greatest in Ca—scapolite and lowest 
in Na-scapolite. 


PREVIOUS WORK 
Nomenclature and history 


One of the first to recognize scapolite as a distinctive mineral was Gillet de 
Laumont, who collected in 1786 a specimen which was later named dipyre by 
Haiiy in 1801 (Lacroix, 1895, p. 112). The names scapolite and wernerite were 
introduced in 1800 by d’Andrada with reference to material from Norway. The 
former was named from the Greek word ‘skapos’, meaning ‘shaft’, whereas the 
second was named after the German geologist Werner. In most European 
countries wernerite was used as a family name throughout most of the nineteenth 
century, and scapolite was used either synonymously with wernerite or as a 
varietal name. Following Tschermak (1883) and Dana (1892), scapolite has come 
into more general use as the family name. The name dipyre, according to Dana 
(1892), refers to the two effects of heating, namely, fusion and phosphorescence. 

The names in more or less common use include meionite, mizzonite, marialite, 
and sylvialite. Meionite was introduced by Haiiy in 1801 for material from 
Vesuvius; it is derived from the Greek word ‘meion’ meaning ‘less’, referring 
to the fact that the pyramid faces are less acute than in vesuvianite. Mizzonite 
was named by Scacchi in 1852, from the Greek word meaning ‘greater’ and 
referring to the fact that the c-axis is greater than in meionite. Marialite was 
named by G. von Rath in 1866, after his wife Maria Rosa, for the sodic mineral 
from Pianura near Naples. Sy/vialite was named by R. von Brauns in 1914 after 
Sylvia Hillebrand, the daughter of Tschermak; it was chosen for the hypothetical 
calcic end-member containing the sulphate anion. 

Other names which have been used from time to time include glaucolite, nut- 
tallite, passauite, porzellanite, ontariolite, ekerbergite, prehnitoid, couseranite, 
riponite, ersbyite, and paranthite. All of these have now dropped out of general 
use. The best account of the etymology of this and other mineral families is to 
be found in Dana (1892), from which most of the foregoing has been drawn. 


Structural crystallography 


Scapolite is tetragonal and well-developed crystals usually show a com- 
bination of prismatic and pyramidal forms: goniometric details may be found in 
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Dana (1892) and Winchell (1951), the latter giving the following axial ratios, 
extrapolated to pure end-members: 

marialite c = 0-446 

meionite c = 0-439 


It has not been possible to determine unequivocally whether the point-group 
is 4/m, 4, or 4. Good crystals appear to possess a symmetry-plane perpendicular 
to c, and etch-figures obtained by Tschermak (1883) show this symmetry. X-ray 
study by various authors has given the data in Table 2. Greenwood (1935) 


TABLE 2 


Scapolite cell-size determinations 








Per cent Cell dimensions Sample 
Me c a Space-group Reference locality 
(A) 
41 7-65 17:26 | C%, or Cf, Gossner & Briickl (1927) Grasse Lake, 
N.Y. 
17-25 
7-65 or Ci, or Ci, Gossner & Briickl (1928) Grasse Lake, 
12-21 N.Y. 
7-66 12:27 | C,, Ci, or S$ | Pauling (1930) Vesuvius and 
Bedford, Ont. 
69 7-54 1715 | Cy Jakob et al. (1931). Tessin 
7-580 12:09 | C%,, C3, or Si | Schiebold & Seumel (1932) —_ 
7-619 17:24 
62 and 87 7:59 12:24 | Ci, Scherillo (1935) Vesuvius 
ce. 20 7-548 12-25 — Freeman (unpublished) Pianura 
c. 80 7-600 12-11 me ao Monte Somma 

















examined two scapolites for piezo-electricity, but his results were ambiguous. 
The available evidence suggests that the space-group is Cj, (= 14/m) and that 
the c-dimension is about 7-6 A. The choice of axes determines which a-dimen- 
sion is accepted (the two values are related by the factor ,/ 2) and for this paper 
it will be taken that a is about 12-2 A: this gives an axial ratio of about 0-62, 
corresponding to a and b axes at 45° to the morphological ones. 

The structure has not been elucidated. Preliminary work has been done by 
Gossner & Briickl (1928), Pauling (1930), Schiebold & Seumel (1932), and 
Scherillo (1935). The structures suggested do not differ greatly. It is likely that 
the Si-Al tetrahedra are joined in fourfold rings perpendicular to c: these rings 
are further linked into groups, four at a time, with a roughly oval shape. A cen- 
tral cavity between the ring-groups provides accommodation for the anion 
radicles. The positions and types of positions of the cations are uncertain. Schie- 
bold & Seumel believe the symmetry to be pseudo-tetragonal, crystals consisting 
of submicroscopically twinned aggregates. The data (in Table 2) obtained by 
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E. B. Freeman at McMaster University were determined on single crystals 
extracted from rocks kindly donated by the Royal Ontario Museum (Pianura, 
R.O.M. M5432; Monte Somma, R.O.M. M9122), using rotation and Weissen- 
berg cameras. 


Composition, isomorphism, and morphotropism 


Many authors have discussed the chemical composition of this complex family 
of minerals. Tschermak (1883) published the first major contribution to the 
study of the scapolites. He showed that the system could be represented as a 
solid solution series of the following end-members: 


meionite Ca,Al,Si,O,; (Ma) 
marialite Na,Al,Si,0,,Cl (Me) 


Tschermak was aware that CO,-determinations were often quoted in scapolite 
analyses but believed that these represented impurities and that the meionite 
molecule contained no anions other than oxygen. Chlorine had been reported 
by many analysts and a paper by Adams (1879) had demonstrated that chlorine 
was present in sixteen scapolites from various localities. Tschermak remarked 
on the similarities in composition between scapolite and plagioclase feldspar 
(apart from chlorine) and was also aware that a considerable degree of isomor- 
phism existed between marialite and meionite. 

Lacroix studied the world-wide distribution of scapolite-bearing rocks for his 
doctorate at the University of Paris (1889). He accepted the views of Tschermak 
and showed, in addition, that the refractive indices and birefringence varied 
morphotropically with the chemical composition. He observed that n, varied 
much more with composition than did n, and therefore argued that dn (i.e. n,-n,) 
should be a good indication of composition. The data available was insufficient 
for Lacroix to attempt a precise formulation of this view and he contented him- 
self with grouping the available scapolites into three divisions as follows: 


Me 100-66 per cent SiO, 40-48 per cent dn 0-029-0-037 
66-33 48-56 0-017-0-023 
33-0 56-64 <0-016 


Himmelbauer (1910) collected twenty-nine analyses from the literature, in 
addition to presenting six unpublished determinations. Density figures were 
included for all the analyses, and, in addition, determinations of SO,, CO,, and 
H,O were given for many samples. He mentioned the possibility of CO, and 
SO, being essential constituents of scapolite, but again believed CO, more 
likely to be due to impurity. The six new analyses (including two of von Rath) 
were accompanied by detailed goniometric and refractive index data. In addition, 
the temperatures of beginning and completion of melting were determined. 

Brauns (1914) studied the ejected blocks of the Laacher See district, in which 
scapolite is quite common. The presence of scapolite had been recorded by 
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yon Rath in 1863 and Brauns cites analyses showing no determinations of Cl or 
SO,. Sulphatic cancrinite is also present and had been confused with scapolite 
from time to time. However, Brauns demonstrated that the scapolite from his 
material does, in fact, contain SO, as an essential constituent. As mentioned 
above, he therefore introduced the name sylvialite to refer to the hypothetical 
pure end-member sulphate—meionite, after observing that SO, varies sympatheti- 
cally with CaO. Brauns believed that the analyses showed the presence of three 
isomorphous compounds, sulphate—meionite, carbonate—meionite, and chloride— 
marialite (and a possible fourth, hydroxyl—meionite). The work was extended by 
a second paper in 1917. 

In his classic study of contact metamorphism in the Oslo district Gold- 
schmidt (1911) observed that K,O and H,O appear to be essential constituents 
of some scapolites. His conclusions were based on analyses of two specimens 
from Aarvold, but the first was recorded as containing some analcite, whereas 
the second contained feldspar and zeolites: his conclusions are correct, but the 
evidence appears dubious. Refractive indices were lower than expected, which 
was attributed to the presence of the potash and water. 

Borgstrom (1915) collected a considerable number of analyses from the litera- 
ture, contributed five new analyses, and reviewed the chemical composition of the 
family. By plotting the sympathetic variations of different pairs of oxides he recog- 
nized that CO, is an essential constituent and that it varies regularly with CaO 
and with n,. He agreed with Tschermak that the main constituents of scapo- 
lite were NaCl-marialite and Ca—meionite, but pointed out that the meionite 
end-member must contain CO, and has the composition Si,Al,Ca,O.,COs. 
These are now usually written as follows: 

Chloride—marialite (Ab), NaCl 
Carbonate-meionite (An), CaCO, 


In addition, Borgstrom recognized the presence of the additional members: 


Sulphate—marialite (Ab), Na,SO, 
Carbonate—marialite (Ab), Na,CO, 
Sulphate—meionite (An),CaSO, 


The five new analyses were recalculated in terms of these five end-members. 
Aseries of three papers by Sundius (1915, 1916, 1919), attempted to study in detail 
the relation between optics and chemical composition in scapolite. These arose 
out of Sundius’s (1915) extensive study of the Kiruna region. In the first paper 
(1915) he gathered together existing data in addition to his own new analyses, 
and examined the effect of chemical composition on birefringence (dn). He 
showed that, in general, measurement of dn gives a good estimation of the per- 
centage composition in the solid solution series, but samples rich in CO,, K,O, 
H,O, or SO, are aberrant. He also showed that the average index n,, = (n,.-+n,)/2 
correlates much better with composition than either m, or n, alone. In the 1916 
paper he returned to the question of the relative influence of Cl, SO;, CO,, and 
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H,O on the optical properties and showed that Cl and SO, have little effect on 
dn. CO, only affects dn where the CO, is in excess of the amount required by the 
meionite molecule, in which case dn is raised. On the other hand, all three anions 
have little effect on n,,. He constructed graphs for n,, and dn showing their 
variation with composition in the series of ‘normal scapolites’ (CI-Ma, CO,-Me), 
and gave in addition a tentative curve for variation of dn in scapolites unduly 
rich in CO,. He noted the importance of determining both n,, and dn when 
attempting to estimate the composition of a scapolite from optical data. The 
same subject was discussed again in the 1919 paper, which included data on 
three new analyses. In addition to a recapitulation of the substance of the 1916 
paper, he pointed out that determinations of both CO, and dn are subject to error 
and regarded his results as tentative. Unfortunately, several of the new analyses 
presented in Sundius’s papers were only partial determinations and their free- 
dom from analytical error cannot be tested by recalculation (see later). 

Shannon (1921) recorded that fluorine may be a constituent of scapolite, after 
analysing an unusual specimen which contained 2-74 per cent F. It is doubtful, 
in view of the discussion on later pages, whether the mineral was scapolite. 

In a study of the marble deposit of Parainen (Pargas) in 1923, Laitakari deter- 
mined the density and refractive indices of several scapolites from this well- 
known district. His interpretations agree with Sundius, that there are normal and 
carbonate-rich scapolite series. No new analyses were presented. 

Winchell (1924) reviewed the family again and pointed out that eighteen new 
analyses had been recorded since Himmelbauer’s paper of 1910. These new 
analyses were held to invalidate earlier ones and Winchell used them to con- 
struct diagrams of variation of G, dn, n,, n, against per cent marialite. Each 
analysis was plotted twice, the second point referring to the analysis ‘corrected 
for other molecules’, but no details were given. Winchell’s graphs show con- 
siderable scatter of points about the lines which were drawn to relate physical 
properties to composition. However, he interpreted the variation of G and n, to 
be linear and concluded that these properties could be used to estimate chemical 
composition, whereas n, and dn were unsuitable. The curves drawn by Winchell 
for n, and n, cross at a composition of Mago, at which point the material would 
be isotropic: pure marialite would then be optically positive. Specimens richer 
in marialite than 80 per cent are unknown, but it seems unlikely that Winchell’s 
extrapolation was valid (see later). He also suggested formalizing the nomen- 
clature so that scapolite be made synonymous with wernerite to refer to the 
family as a whole, with a subdivision of the main solid solution series into 
marialite-dipyrite—mizzonite—meionite: no percentage boundaries between the 
subdivisions were proposed. 

Barth has discussed scapolite in several papers (1924, 1927a, 1927b, 1930). 
One paper (1927b) summarizes his views, which mainly concern the role played 
by potash and water. Brauns had recognized that hydroxyl—-meionite might 
exist, and Sundius had also proposed that the radicles HSO, and HCO, might 
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sometimes occur in the place of SO, and CO,; in addition, Goldschmidt’s 
analyses from Aarvold may be recalled. Barth examined several of the analyses 
which do not conform to Sundius’s curve for normal optics, including two 
analyses of his own material. He concluded that (a) water can be an essential 
constituent of scapolite but the content has little effect on the optics, (b) potash 
decreases optical properties, (c) the optics chiefly depend on Ca, Na, and K 
content, but dn is affected by an abnormally high CO, content, as maintained by 
Sundius. 

On the basis of X-ray study, Gossner & Briickl (1927) believed that the com- 
positional ratio of 3 plagioclase feldspar : 1 CaCO, or NaCl is unlikely to allow 
the tetragonal symmetry which scapolite possesses. A more likely ratio would be 
4:1 and they show that the single analysis quoted will agree with this ratio. 
However, after further consideration, they conclude (1928) that the ratio is 
actually 3: 1. 

In recording a new scapolite from the Tessin Alps, Jakob et al. (1931) note 
that although the CO, content is abnormally high, dn is not as high as would be 
expected from Sundius’s curves. They comment: ‘the parallelism between high 
CO, and high dn (Sundius) is not simple and deserves further study’ (transla- 
tion). They suggest the following general formula: 


[{(Si, AI(O,OH),}3R], . (COs, HCO,), where R = Ca, Na, K 


Strunz (1949) considers scapolite to be a solid solution of generalized marialite 
and meionite molecules whose compositions are given below: 


Na, [Cl,, SO,, CO, (OH),] (AISi;O.), 
Ca, [Cl,, SO,, CO;, (OH),]. (Al,Si,O5)e 


In addition he agrees with Winchell’s suggested subdivison of the series, restrict- 
ing dipyre to Ma, Me,—Ma, Me,, and mizzonite from Ma; Me;—Ma, Meg. 

A review (in Russian) of problems of composition and genesis of scapolites 
has been given by Solodovnikova (1957). Other papers which include some 
discussion on the composition of scapolite include von Eckermann (1922), Ko- 
necky & Rosicky (1926), Smirnov (1926), Kaitaro (1955), Serdyuchenko (1955), 
Solodovnikova (1955), von Knorring & Kennedy (1958), and White (1959). 


Gem varieties 


Gem varieties of scapolite are known from Madagascar (Lacroix, 1919, 1922), 
Brazil (Anderson & Payne, 1934, 1954; Payne, 1939), and Switzerland (Preis- 
werk, 1917). These varieties are usually yellowish, glassy prisms, but the sodic 
crystals from Brazil are violet-blue and pleochroic. At Tsarasaotra, Madagascar, 
the gems occur with beryl and radioactive minerals in a pegmatite. At Campo- 
lungo, Switzerland, the scapolite is in a metadolomite. 
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Fluorescence 


Some specimens of scapolite fluoresce under u.v. radiation. This has been 
studied by Haberlandt (1934), Haberlandt & Kohler (1934), and Iwase (1937, 
1940, 1944), who all examined (among other samples) the well-known yellow 
scapolite from Grenville, Quebec, which is strongly fluorescent. The fluorescence 
spectrum usually reveals the presence of small amounts of uranium, which is 
presumably the activating agent. 


Mode of occurrence and petrography 


There is an extensive literature on the origin and manner of occurrence of 
scapolite. 

The occurrence of scapolite in rocks of the Precambrian Grenville province 
of Canada and New York State has been discussed by many authors. Adams & 
Lawson (1888) recognized the association of scapolitic rocks with apatite 
deposits in Quebec to be very similar to the occurrence near Bamble in Norway. 
In their memoir on the Haliburton-Bancroft district in Ontario, Adams & 
Barlow (1910) have numerous references to scapolite, which occurs in altered 
gabbro, marble, skarn, nepheline syenite, corundum syenite, and various other 
gneisses. They describe (ibid., p. 104) the role played by scapolite in the alteration 
of marble to amphibolite by the action of granite in Glamorgan township. In the 
same region Foye (1916) discusses the relationship of scapolitization of basic 
rocks to the formation of titaniferous magnetite deposits. The geology is very 
similar to the environment of the iron deposits of Lufunfu in the Belgian Congo, 
where scapolite has been described by Schoep (1925, 1932), Belliére (1926), 
Jamotte (1934), and Thoreau (1936). Jamotte compares the genesis of these 
scapolitic Fe ores in the Kundelungu Series with the Glamorgan occurrence de- 
scribed by Foye. 

Also in the Grenville province, Buddington (1939) describes many scapolitic 
rocks derived from gabbro and marble in the Adirondacks. Carlson (1957) has 
given an account of the petrology of the scapolite-nepheline-corundum-plagio- 
clase rocks of Craigmont, Ontario. Scapolite was formed either by (a) the meta- 
somatic alteration of intercalated sedimentary rocks in the nepheline syenites, 
or (b) as a result of the intrusion of an anorthosite mass in the metasediments. 
The writer (1955, 1958) found scapolite to be a common mineral in the skarns 
associated with many radioactive deposits of Quebec: the petrology of these 
occurrences will be published elsewhere. 

Lacroix, concluding his memoir on the distribution of scapolite-bearing 
rocks (1889), recognized three modes of occurrence: (a) in blocks ejected from 
volcanoes, (b) in pyroxene gneisses, (c) in igneous rocks, as a result of the 
alteration of feldspar by metasomatism or ground-water action, and (d) in 
sedimentary marbles by the influence of adjacent igneous rock. Broadly speak- 
ing, this is in substantial agreement with present-day knowledge. In 1891 Lacroix 























D. M. SHAW—THE GEOCHEMISTRY OF SCAPOLITE 227 


recorded the various stages of alteration of plagioclase to scapolite in basic rock 
from Ariége, and later (1895) in lherzolite, both in the Pyrénées. For the latter 
case he attributes formation of scapolite to the action of hot springs. In 1916, 
however, in particular reference to the diabases of Pouzac, he ascribed the 
alteration to the effect of ground-water solutions. In 1919 and 1922 he drew 
attention to the occurrence of scapolite in pegmatites in Madagascar as con- 
stituting a new mode of occurrence for this mineral. 

Judd (1889) observed scapolite in intergrowth with plagioclase as a result of 
partial replacement. The feldspar contained vacuoles and on crushing to fine 
powder he found that the fluid released would precipitate chloride from silver 
nitrate solution. He concluded that the inclusion fluids represent the solutions 
which were giving rise to scapolite by alteration of the feldspar. Michel-Levy 
(1878) also provided analytical data on the scapolitic rock of Bamble in Norway, 
studied by Judd. 

Flett (1906) gave a petrographic account of the scapolite-bearing rocks in 
Scotland, but devoted little attention to the problem of genesis. 

Calkins (1909) recorded the presence of scapolite in aplite dykes associated 
with the Phillipsburg, Montana, quartz monzonites. He believed the scapolite to 
be an original constituent formed as a result of the assimilation of limestone. 
Brauns (1914) discussed the mineralogy of the scapolite-bearing sanidinites and 
basic rocks which constitute ejected blocks from the Laacher See volcanoes. 
Stansfield (1914) records the presence of scapolite at the contact between a 
graphitic marble and pegmatite: the latter consists mainly of quartz and yellow- 
green scapolite. 

In his monograph on the geology of the southern part of the Kiruna district 
in Sweden, Sundius (1915) discusses fully the mode of occurrence and possible 
origin of the scapolite, which is widespread throughout the district. He con- 
siders two hypotheses, (a) contact pneumatolysis (i.e. introduction of the 
necessary volatile constituents), and (b) remobilization of material already in the 
rocks during regional metamorphism. Although both processes are believed to 
have operated, he believes the second to have been less important in view of the 
general absence in the district of rocks such as impure limestone which could 
act as a source of the CO, necessary for the formation of scapolite. He points 
out that many of the rocks in the district contained 50 per cent scapolite, which 
itself contains up to 3 per cent of chlorine: he could find no trace of the previous 
presence of any sedimentary rock which would have yielded chlorine in such 
quantities. He concludes that the main process was a regional-pneumatolytic 
metamorphism induced by magma-masses at depth. The scapolite-bearing rocks 
are, of course, associated with the well-known Kiruna iron deposits. 

Geijer (1917) describes a similar scapolitization of the leptites in the Nautanen 
district of Sweden, associated with copper deposits. 

A review of scapolite occurrences in the Swiss Alps is given by Preiswerk 
(1917). He notes that Spezia found scapolite in highly metamorphosed and 
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anhydrite-bearing Triassic rocks in the Simplon tunnel, and that Linck also 
found it in dolomites from Campolungo. Preiswerk records another occurrence 
in metamorphosed dolomites from Valdo, and in mica—epidote quartzites from 
Monte Piottino, Leventina. In addition, scapolite occurs as a vein and fissure 
mineral in Riale Fog, Dazio Grande, and Valle. 

Von Eckermann (1922) has given an extensive discussion of the role of scapo- 
lite in the genesis of the calcareous rocks of Mansj6 mountain in Sweden. 
Similar rocks have been described by Laitakari from the Parainen—Pargas dis- 
trict in Finland. In both cases there is a wide variety of skarn minerals associated 
with carbonates and amphibolites which have undergone deep-seated metamor- 
phism and migmatization. A similar occurrence from Pusunsaari has been de- 
scribed by Laitakari (1947), and the same author also described scapolite as 
fissure-fillings in blocks of amphibolite (1929). These veins were believed due to 
the action of hydrothermal—pneumatolytic fluids which also deposited tourma- 
line and sulphides. 

Iyer (1929) has described a series of scapolitic calcareous gneisses from Coim- 
batore, near Madras, which show considerable resemblances to those of Mansjé 
mountain, Pargas, and the Grenville province. Another series of scapolitic 
skarns and gneisses are recorded from the vicinity of Baneheia in southern Norway 
by Barth (1930). He attributes their origin to the progressive metamorphism 
and alteration of marble by the action of pegmatite magma. 

The development of scapolite in altered basic rocks (hyperites) from southern 
Norway was discussed extensively by Brogger (1935). Original gabbro and 
diabase have been altered to hornblende-scapolite rocks, accompanied by the 
well-known apatite deposits in the vicinity of Bamble and Odegarden. The pro- 
cess is attributed to the action of pneumatolytic metamorphism by solutions rich 
in Cl, CO,, H,O, and P. 

One of the few records of zoned scapolite is given by Tomlinson (1943) in 
discussing another altered diabase from the vicinity of French Creek, Pennsyl- 
vania. The scapolite occurs in a vein and the paragenetic sequence indicates that 
earlier scapolite was sodic and later scapolite more calcic: the youngest scapolite 
is covered by crystals of prehnite, which apparently began to form after scapolite 
reached the composition May. Mego. In addition, heulandite, sphene, epidote, 
chlorite and apatite are present. 

The development of scapolite in altered marble has been discussed in Norway 
by Bugge (1945) and in Australia by Mawson & Dallwitz (1945). 

An extensive petrographic study of the development of scapolite in a meta- 
gabbro from Pennsylvania has been made by Weiss (1947). 

Davies (1948) describes the presence of scapolite in Precambrian marble from 
northern Manitoba. Textural relations indicate that the scapolite has partly 
replaced calcite and the rocks are therefore partly altered to skarn. Anorthosite 
present in the same region is interpreted as forming as an end-product of this 
silication. 
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In their discussion of the uranium deposits of the Tete district, Mozambique, 
Davidson & Bennett (1950) give a full account of petrographic changes which 
accompanied the development of scapolite. 

In addition to the alteration of plagioclase to scapolite, which many authors 
have described, Verbitskii (1952) found also the alteration of hornblende to 
scapolite in a diabase from Russia. 

There is widespread development of scapolite in the Precambrian rocks of the 
Cloncurry district of Queensland, Australia (Edwards & Baker, 1953). The 
sequence is particularly interesting in that some sedimentary textures are still 
preserved in spite of extensive development of scapolite and pyroxene. Various 
scapolite granulites, scapolite marbles, and related rocks are interbanded with 
biotite schists. Associated ‘red rocks’ resemble sandstones but are altered 
scapolite-pyroxene granulites and schists, in which extensive leaching has taken 
place and the dark minerals have been altered to hematite. Other rocks in the 
district include amphibolite, gabbro, granite and syenite, and are occasionally 
scapolitized. An extensive petrographic and chemical study showed that the 
present sequence developed by Na-metasomatism of calcareous shales and asso- 
ciated rocks. Usually the scapolite here has the composition 70-75 per cent Ma, 
but the place of pure marialite (which Edwards & Baker believe to be unstable) 
is taken by albite. They observe that Na-metasomatism usually favours the 
formation of feldspar, but are uncertain whether Cl is normally absent in such 
cases or rather that scapolitization ‘commonly fails of expression because the 
rocks undergoing metasomatism are of composition that favours the formation 
of albite rather than scapolite’ (ibid., p. 41). In any case they point out that the 
average chlorine content of the granulites is 1-34 per cent, which corresponds to 
2:38 Ib per cu. ft. This necessitated an introduction of 41 x 10® tons of Cl in two 
of the main granulite bands, and a possible total contribution of 500 x 10° 
tons Cl. 

In an interesting paper which the writer has only seen in abstract, Serdyu- 
chenko (1955) records the presence of potash-rich scapolite in some rocks from 
south Yakutia, U.S.S.R. The rocks are Precambrian, skarn-like, and are be- 
lieved to represent the regional metamorphism of a suite of sedimentary rocks 
including salt deposits containing sulphate. In another paper in 1956 the same 
author refers to three major modes of occurrence of scapolite: (a) by contact 
metamorphism, (5) by alteration of plagioclase, and (c) regional development in 
schists. 

Bystrom (1956) found an interesting occurrence of scapolite in an argillitic rock 
from Ultevis in Sweden, where the scapolite had been partly replaced by the 
barium-zeolite harmotome. 

Another occurrence of pyroxene-scapolite-hornblende gneiss has been de- 
scribed by von Knorring & Kennedy (1958) from Ghana. The scapolite is 
unusually rich in SO, (4-17 per cent) and the metamorphism is believed to have 
taken place under conditions transitional to the eclogite facies. It is believed that 
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the necessary CO, and SO, came from the rocks themselves, the latter having 
been supplied from sulphides in pre-existing basic rock. 

Extensive discussion of the development of scapolitic skarns in Siberia, using 
the theories of Korzhinsky, has been given by Marakushev (1958). 

White (1959) describes scapolite-pyroxene rocks in the vicinity of Milendella, 
south Australia, similar to those of the Cloncurry region mentioned above, 
However, the Milendella rocks contain less sodium and chlorine. White believes 
that all the substances necessary for the development of scapolite and other 
minerals were present in the original sediments, which have undergone a 
regional metamorphism. 

Many other authors discuss scapolite as an incidental feature of the geology 
of areas they are describing: it would be pointless to review all such articles here, 
but a number of papers additional to those discussed above are included in the 
bibliography. A thorough review of types of occurrence published before 1925 is 
given by Eitel (1925). 


Synthesis studies 


Few investigations bearing on the stability of scapolite have been made, and 
it is evident from the numerous studies of systems in which one or more of the 
end-members might occur that the synthesis cannot be expected to be easy. 

Himmelbauer (1910) determined that scapolite melts over a temperature 
interval of 35-145° C, the beginning of melting being close to 1,100° C. Eitel 
(1925) investigated the system Na,CO,—-CaCO,-nepheline—albite at CO, pres- 
sures of (usually) 112 kg/cm? and various temperatures. In addition to carbo- 
nates, nepheline and anorthite, the products of synthesis included cancrinite, 
gehlenite, pseudowollastonite, pectolite, and meionite. The last was identified 
only by optical properties and formed metastably as rims to anorthite crystals 
adjacent to the double carbonate Na,Ca(CO,)., at a temperature of about 
1,000° C, CO, pressure of 50 kg/cm?, in runs of 5-13 h. In addition, meionite 
appeared to form in several runs using albite and calcite or albite and the double 
carbonate: no marialite was formed however. Eitel explains this formation of 
meionite as being due to the prior formation of anorthite by base-exchange 
between albite and the carbonate. Experimental conditions were similar to the 
previous experiments. 

In the light of the similar conditions of formation of cancrinite and meionite 
Eitel suggests the possibility of solid solution between cancrinite (Ne),CaCO, 
and meionite (An),CaCO,. His synthesis of meionite, however, needs confirma- 
tion. 

Fyfe (1958) was unable to synthesize scapolite in the system An—CaCO,-CaCl, 
at H,O pressures of 500 kg/cm* in the region 400-700° C. He suggests two 
possible phase diagrams for the presumed univariant reaction 


(An),CaCO, = 3An-++CaCoO,, 
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differing in the slope of the boundary curve. In both, scapolite is shown stable 
at lower temperatures and higher pressures. The evidence of common occurrences 
of scapolite in contact-skarns, however, indicates that scapolite can certainly 
form at high temperature and relatively low pressure. 


COMPOSITION 
Appraisal of analyses 


Altogether 135 analyses of scapolite have been examined with a view to 
establishing the general formula and exploring the kinds of isomorphism. Of 
these, 126 came from the literature, 3 are unpublished (in 1959), and 6 are new 
analyses made for the writer. Density determinations accompany many of the 
published analyses, but optical parameters were available for only 64. 

The aim of this section of the paper is to re-examine the isomorphism and 
general formula of the scapolite family. In the next section the physical con- 
stants will be correlated with chemical composition as far as possible. In this 
connexion the first requirement is a critical appraisal of the quality of the avail- 
able analyses, and various aspects of this will now be discussed. 

In the writer’s experience scapolite is very difficult to separate from associated 
minerals. Even large idiomorphic crystals are commonly found to contain feld- 
spar intergrowths and can seldom be regarded as pure scapolite. Using a com- 
bination of magnetic and heavy liquid separation it is easy to obtain a powder 
fraction rich in scapolite. Associated minerals depend on the nature of the 
parent rock but commonly include quartz, calcite, potash feldspar, and plagio- 
clase, and in some cases nepheline. With considerable care and patience it is 
possible to remove these contaminating minerals, excepting calcite and oligo- 
clase-andesine, whose density and magnetic properties may coincide almost 
exactly with scapolite. Final removal of calcite usually requires leaching with 
weak acid, but the plagioclase in some cases cannot be separated at all. With 
many analyses in the literature there is little or no information on the separation 
methods or on the purity of the analysed powder, and it is quite possible that in 
some cases impure samples were analysed. Many workers have, of course, 
recognized this possibility, and for many years it was believed that all the CO, 
detected in scapolite came from admixed carbonate or alteration products. 
Intergrown feldspar is perhaps the most likely contaminant: significant amounts 
will decrease the apparent anion content of the scapolite. 

With regard to analytical errors, it is now recognized that the volatile con- 
stituents CO,, Cl, F, SO,, and H,O may all be essential components of scapolite. 
F is always low (except in one sample to be discussed later), but any analysis 
which lacks determinations of any of the other four volatiles must be suspect. 
The significance of H,O+ as reported in an analysis is often uncertain: it may 
include true bound water, alteration or contaminating substances (including 
fluid inclusions), or may in some of the older analyses even include some of the 
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other volatile substances. As will be discussed later, most analyses contain water 
in excess of that required by the hypothetical formula. 

The metallic constituents include SiO,, Al,O,, CaO, Na,O, and KO. Smal] 
amounts of Fe (usually determined as Fe,O;) are common and also MgO. 
Where either of these exceed | per cent the analysis is suspect, but up to | per 
cent occurs in the writer’s samples, which were carefully checked for impurities 
(see Table 7, p. 241). Some, but by no means all, of the Fe may be present as 
limonite stain. 

By virtue of their complex composition the analysis of scapolite is probably 
subject to more errors than routine rock analysis. The writer has therefore 
rejected all partial analyses from any rigorous discussion, and has in addition 
rejected any complete analysis where the summation (corrected for O-equiva- 
lents) lies outside the limits 99-5—100-5 per cent. As is well known the summa- 
tion does not provide a complete check on the reliability of an analysis, since 
some errors tend to cancel out, but nevertheless a poor summation indicates a 
poor analysis. 

For a mineral family possessing a well-established general formula it is pos- 
sible to test an analysis against that formula. Since the structure and structural 
formula of scapolite are still uncertain, and since one of the aims of the present 
work was to re-examine the general formula, this approach could not be made 
a rigorous test for exclusion in many cases. The matter will be discussed later, but 
it may be noted here that those analyses listed in the tables as dubious on the 
grounds of excess or deficiency of cations or anions will be re-evaluated in later 
pages. 

As a result of the appraisal of the available analyses on the foregoing grounds, 


64 analyses were rejected; 46 were regarded as dubious, and 35 were regarded 
as satisfactory. 


Presentation of analyses 


Previous chemical analyses of dubious and satisfactory quality are given, 
with localities and references, in Tables 3-6. In each case the analysis is first given 
in wt. per cent, then the constituents have been recalculated to g-atoms x 10* in 
such proportions that Si+Al = 12,000. CA denotes the sum of Ca, Na, and K, 
together with Mg, Mn, Fe and Ti where these metals are present. AN denotes 
the sum of C, Cl, F, S, but excludes H. The meionite percentage is also given, as 
the following ratio: 


Mg-+ Fe+ Mn+ Ti 
Atomic per cent Me = a Bad eae 





Na+K-+Ca+Mg+Fe+Mn+Ti- 
The density (G) is given where known, and the symbols for ordinary index, 
extraordinary index, birefringence, and mean index are n,,n,, dn, n,, respectively. 
The reasons for classification as ‘dubious’ are included in Tables 3 and 4 and 
will be discussed in the following. Brief notes follow on some individual analyses: 
No. |: the sum is given as 100-06 per cent by Solodovnikova. No. 2: the sum 
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is given as 100-07 per cent (ibid.). No. 3: the sum is given as 99-54 per cent 
(ibid.). No. 4: the sum is given as 100-21 per cent (ibid.). No. 6: the figures are 
the average of two analyses. No. 8: the figures are the average of two analyses, 
No. 10: the figures are the average of two analyses; size of the unit-cell was 
determined. No. 13: the figures are the average of two analyses. No. 14: the 
sum is given as 100-75 per cent (ibid.). No. 16: refractive indices are not given, 
but dn = 0-006. No. 17: the sum is given as 99-53 per cent (ibid.). No. 18: unit- 
cell dimensions are given. No. 19: the analysis lists CO, and H,O together; for 
calculation it has been assumed that the figure represents CO, alone. No. 25: 
for the purposes of calculation it was assumed that the balance of the composi- 
tion (to 100 per cent) was 3-82 per cent Na,O. No. 27: as reported by Brauns 
(1914), this sample contained no CO, and summed to 98-10 per cent; Sundius 
later (1919) found 3-52 per cent CO, in the same specimen, which raises the 
sum to 101-62 per cent. No. 31: unit-cell dimensions are given. No. 33: the 
figures quoted are the average of two analyses; H,O and Cl were only deter- 
mined on one; CO, was recorded as present but not determined; calcite inclu- 
sions were present in the sample on which G was measured. Nos. 38, 39, 40: 
the figures are the average of two analyses. No. 42: X-ray powder data given; 
CO, listed in error as CO;. No. 43: Sundius records that this sample contained 
a little zircon, muscovite, and calcite; he gives 0-012 for dn but this must be an 
error. No. 44: the specimen showed zoning with a more sodic core. No. 45: 
it was assumed that this sample contained 10-25 per cent Na,O, to make 100 per 
cent. No. 46: no refractive indices given, but dn = 0-016. 

No. III: Borgstrom gave 28-40 per cent Al,O,, which was accepted ; Himmel- 
bauer gave 28-05 per cent, the original was not checked. No. VI: the sum is 





1. Slyudyanka, U.S.S.R.; Kalinin (1939) in Solodovnikova (1957) [low cations]. 

. Slyudyanka, U.S.S.R.; Kalinin (1939) in Solodovnikova (1957) [low cations; excess anions]. 

. Vazhetskaya River, North Karelia, U.S.S.R.; Ignatiev (1936) in Solodovnikova (1957) [low sum; 
low anions]. 

4. Slyudyanka, U.S.S.R.; Kalinin (1939) in Solodovnikova (1957) [very high H]. 

5. Laurinkari, Finland; Gossner & Briick! (1928) [high sum; high cations]. 

6. Bolton, Massachusetts; Gossner & Briick! (1928) [high sum]. 

- 

8 

9 


wn 


. Grass Lake, N.Y.; Dana (1892) in Borgstrom (1915) [high sum; high cations]. 
. Egg, Kristiania; Gossner & Briickl (1928) [high sum; low anions]. 
. Kuzokotskaya Bay, North Karelia, U.S.S.R.; Lebedev (1950) in Solodovnikova (1957) [high 
cations; low anions]. 
10. Grass Lake, N.Y.; Gossner & Briick! (1927, 1928) [average of two analyses; high anions]. 
11. Malsjé, Sweden; Sip6écz (1882) in Himmelbauer (1910) [high sum; low cations]. 
12. Pierrepont, N.Y.; Dana (1892) in Borgstrom (1915) [high sum]. 
13. Diana, Kristiania; Gossner & Briick! (1928) [low sum; low cations; low anions). 
14. Glafirinsky, Khakassia, U.S.S.R.; Ziv. (1936) in Solodovnikova (1957) [low anions]. 
15. Lampy—Varaka, Karelia, U.S.S.R.; Kurbatov (1932) in Solodovnikova (1957) [high sum; high 
H]. 
16. Lubotwe, Belgian Congo; Schoep (1925) [high sum; high H]. 
17. Mogol-Tau, Tajikistan, U.S.S.R.; Smolianinov (1935) in Solodovnikova (1957) [low sum; low 
cations; low anions]. 
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»” Assume 2,749 Na. 
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given as 100-23 per cent by Solodovnikova. No. VIII: figures given are the 
average of two analyses. No. XII: of at least eleven analyses of scapolite from 
Vesuvius this is the only one of top quality; this is the type locality for meionite, 
but the analysis shows only 84 per cent. No. XIII: the density was determined by 
Laitakari (1923). No. XIV: optical properties were determined by the writer on 
a sample kindly supplied by J. Gittins. No. XVIII: optical properties were 
checked by the writer on a sample kindly supplied by O. von Knorring; the 
figures obtained were n, 1-585, n, 1:561, dn 0-024, n,, 1-573. No. XXI: analyst 
R. Mauzelius for P. Geijer; optical properties were determined by Sundius 
(1919); G given as 2-968 (Geijer) and 2-698 (Sundius); the former is presumably 
a misprint. No. XXII: Fe,O, given as 10-11 per cent by Lacroix; this is presum- 
ably a misprint for 0-11 per cent. No. XXIII: the writer found n, 1-571, n, 1-547, 
dn 0-024, n,, 1-559 on a sample kindly supplied by A. J. R. White. No. XXVII: 
Brogger gave two analyses ; the figures used are those for the original determina- 
tions (SiO, = 54-95 per cent) corrected for impurities. No. XXVIII: two analyses, 
by Heidenreich and Kranck, are given by Brogger; the average has been used 
here. 

No. XXIX: Monmouth Township, Ontario; Gittins (unpublished). The 





18. Vesuvius; Scherillo (1935) [high sum]. 
19. Slyudyanka, U.S.S.R.; Smirnov (1926) [high cations; low anions; C uncertain]. 
20. Laacher See, Germany; Sundius (1919) [very high sum]. 

21. Mansjé, Sweden; von Eckermann (1922) [high sum]. 

22. Baneheia, Norway; Barth (1930) [excess H; apparently no Cl, S]. 

23. Schwanberg, Austria; Meixner (1939) [high sum; high cations]. 

24. Riale Fog, Tessin; Preiswerk (1917) [high sum; high cations]. 

25. Hesselkulla, Sweden; Sundius (1916) [no figures for Na, K, H; see text]. 

26. Yakutia, U.S.S.R.; Serdyuchenko (1955) [high Mg, H, B]. 

27. Laacher See, Germany; Brauns (1914) [see text]. 

28. Manchester, N.H., U.S.A.; Stewart (1941) [high cations; no H, C, Cl, S}. 

29. Studnice, Moravia; Konetny & Rosicky (1926) [high sum]. 

30. Mansj6, Sweden; Von Eckermann (1922) [high sum]. 

31. Vesuvius; Scherillo (1935) [high sum; low cations]. 

32. Vicenice, Moravia; Konetny & Rosicky (1926) [high sum]. 

33. Valdo, Switzerland; Preiswerk (1917) [see text]. 

34. Yakutia, U.S.S.R.; Serdyuchenko (1955) [high cations; low anions]. 

35. Yakutia, U.S.S.R.; Serdyuchenko (1955) [high cations; low anions]. 

36. Glafirinsck, U.S.S.R.; Solodovnikova (1955) [low sum; high cations; low anions]. 
37. Slyudyanka, U.S.S.R.; Smirnov (1926) [low cations and anions]. 

38. Madagascar; Gossner & Briick! (1928) [high cations]. 

39. Cardiff, Ontario; Gossner & Briick! (1928) [high sum; high cations]. 

40. Gouverneur, N.Y.; Gossner & Briick! (1928) [high sum; high cations]. 

41. Enterprise, Ontario; Borgstrom (1915) [high cations; high H]. 

42. Langé, Finland; Kaitaro (1955) [low cations]. 

43. Olsbo, Sweden; Sundius (1916) [low cations; high H]. 

44. French Creek, Pa., U.S.A.; Tomlinson (1943) [low sum; low cations; no C, H]. 
45. Kalpivaara, Sweden; Sundius (1915) [no figures for Na, K, H; see text]. 

. Lake Ilmen, U.S.S.R.; Yakhontov (1915) [low sum; low cations and anions], 
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TABLE 5 


Ten scapolite analyses of satisfactory quality with no refractive indices 





























I ll i Iv | v vi | vi | vin | 1x Xx 
SiO, 43-00 | 43-44] 46-16 | 46:30 | 47-12 | 47-94 | 52-57 | 54-86 | 57-59 | 59-60 
Al,O; 28-16 | 28-72 | 28-40 | 25-68 | 27-33 | 25-52 | 24-24 | 22-45 | 21-27 | 19-87 
Fe,O; 086] 026} — | 066| — | 024] — | 049] 027] 1) 
FeO ae 022} 030| — | 046] O12] 026} — “ns Re 
MgO 065| 005| — | 079} 043] 043] — tr. 0-29 | 0-21 
MnO tr. 003} — —-f — 1 eer — | — 025] — 
CaO 19-04 | 1993 | 18-50 | 13-32 | 15-94 | 14-46] 11-57] 9:09} 5-59] 3.42 
Na,O 261 | 197] 291] 3:64] 365] 411] 7:19] 837] 10-48 | 10-66 
K,O 035] O51] O74] 362] 1-15 | 088] 042] 1:13] 040] 1-47 
H,O+ 1:26} 040] 060] 212] 050] 1:54] 069] 072] 076] 0-66 
H,O— 005} 009} — —|—ft—}—} eu] — ia 
CO, — 451 | 300| 352] 273] 407] 039} — 106 | — 
ci O15] O12] O12] 032] 020] O17] 1:63] 241 | 3-02] 3-23 
SO, 378 | 008] o10/ — | — | 018] 090] o80| — i 
P — _ ~ Ses) Cl a we 
O=C1,F}] 003] 003] 003] 007] 005| 007] 037] 059| 068| 0-74 
Sum 100-04*] 100-30 | 100-80 | 99-90 | 99-46 | 99-83°| 99-49 | 99-87 | 100-30 | 99-39 
Si 6,763 | 6,745 | 6,957 | 7,257 | 7,128 | 7,375 | 7,775 | 8,096 | 8,362 | 8,615 
Al 5,218 | 5,255 | 5,043 | 4,743 | 4,871 | 4,625 | 4,225 | 3,904 | 3,639 | 3,385 
Fe 102 60 33| 72] s8| 44] 32] 54 30 | 109 
Mg 152 ni — oe oe oe 63| 45 
Mn - 4} — — | — i. me 
Ca 3,207 | 3,314 | 2,986 | 2,236 | 2,583 | 2,382 | 1,833 | 1,437]  869| 530 
Na 795 | 593 | 849] 1,105 | 1,069 | 1,225 | 2,060 | 2,393 | 2,948 | 2,985 
K 70| 101 142] 723] 223] 173] 79] 213 4 | 271 
i 1,321 | 414] 603 | 2,215] 504] 1,579] 680| 708| 736] 636 
rs — 955] 617] 753| S03} 855] 79) — 210} — 
cl 40 32 31 85} St] 44] 409] 603] 743] 791 
s 446 19 nt} = 21 9] 89) — om 
F _ _— — — |< jee ee - ve 
CA 4,326"| 4,083 | 4,015 | 4,249 | 4,030 | 3,924 | 4,004 | 4,097 | 4,015 | 3,940 
AN 486| 996] 659| 838] 614| 954] 587| 692| 953] 791 
%, Me 80-1 | 829 | 75:3 | 570 | 680 | 643 | 466 | 364 | 24:8 | 17-4 
G 2-775 | 2-757 | 2-731] — | 2-720] — | 2676 | 2630| 2601) — 



































Il. 
Til. 
IV. 


VI. 
vil. 
Vill. 


* Includes 0-10 per cent TiO, . 


Helsinki; Lokka (1945). 
Rossie, N.Y.; Sipécz (1877) in Borgstrom (1915). 
Lojo; Sustschinsky (1912) in Borgstrom (1915). 


. Laacher See; Brauns (1914). 


> Includes 19 Ti. 


. Boxborough; Becke (1877) in Borgstrom (1915). 


Slyudyanka; Kalinin (1939) in Solodovnikova (1957). 
Arendal ; Sipécz (1882) in Himmelbauer (1910). 
Ripon, Quebec; Adams (1879): Osann (1899). 


. Macomb, N.Y.; Dana (1892) in Borgstrom (1915). 
. Pezh Is., N. Karelia; Lebedev (1950) in Solodovnikova (1957). 


© Includes 0-16 per cent BaO. 


6. Eighteen scapolite analyses of satisfactory quality with refractive indices 
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sample kindly given by J. Gittins was a scapolite—-andesine concentrate. Optical 
properties of both minerals were determined by the writer and the proportion of 
feldspar estimated by grain counts. The lowest feldspar index was 1-546, corre- 
sponding to An 37: the analysis was accordingly corrected, as shown below, 
assuming the theoretical plagioclase formula, to obtain the composition of the 


scapolite alone: 



































39% 61% 100% 
XXIX andesine | scapolite \ scapolite 
SiO, §2:11 23-1 29-01 47-6 Si 7227 
Al,O; 26°38 10-1 16°28 26:7 Al 4773 
FeO 0-32 = 0-32 0-53 Fe 67 
MgO 0-26 — 0-26 0-43 Mg 98 
CaO 11-58 9 8-68 14-3 Ca 2323 
Na,O 5-76 2-9 2-86 4-7 Na 1385 
K,O 0-69 _ 0-69 1-13 K 224 
H,O+ 0-44 — 0:44 0-72 H 709 
co, 2-01 a 2-01 3-3 Cc 683 
Cl 0-34 — 0-34 0-56 Cl 142 
S 0-00 _ 0-00 0-00 
o-c 0-08 oi = bn i ee 
AN 825 
%Me 60-7 
Sum 99-91 39-0 60-89 99-97 G — 
n, 1:583 dn 0-032 Refractive indices 
n, 1°551 Nm 1°567 determined by writer 





New analyses 


Analyses XXX-XXXV in Table 7 are new, and were made for the writer by 
the Rock Analysis Laboratory of the University of Minnesota. The samples all 
come from skarn rocks of the Greville province and all but one were collected 
personally. 

The rocks were crushed in a steel mortar, retaining the fraction held between 
100- and 200-mesh screens. Ferromagnesian minerals were removed by the 
Frantz isodynamic separator. The residual material, containing scapolite, 





XI. Gnivan, U.S.S.R.; Bobrovnik (1948). XXI. Nautanen, Sweden; Geijer (1917). 
XII. Vesuvius; Borgstrom (1915). XXII. Tsarasaotra, Madagascar; Lacroix 
XIII. Pargas, Finland; Borgstrom (1915). (1922). 
XIV. Glamorgan Twp., Ontario; Gittins (un- XXIII. Milendella, Australia; White (1959). 
published). XXIV. Haliburton, Ontario; Borgstrom 
XV. Laurinkari, Finland; Borgstrom (1915). (1915). 
XVI. Tessin, Switzerland; Jakob et al. (1931). XXV. Glafirinsk, U.S.S.R.; Solodovnikova 
XVII. Yakutia, U.S.S.R.; Serdyuchenko (1955). 
(1955). XXVI. Zdar Mt., Moravia; Konecny & 
XVIII. Shai Hills, Ghana; von Knorring & Rosicky (1926). 
Kennedy (1958). XXVII. Lange, Norway; Brogger (1935). 
XIX. Pusunsaari, Finland; Laitakari (1947). XXVIII. Odegérden, Norway; Brogger (1935). 


. Kanda, U.S.S.R.; Baklund (1917). 


- ow 
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TABLE 7. Six new scapolite analyses with refractive indices 









































XXX | XXXI | XXXII | XXXIII | XXXIV | XXXV 
SiO, 45-91 | 47:17 51-83 | 52:10 54-73 57:89 
Al,Os 28:19 | 26-29 24-29 | 23-79 22:85 21-62 
TiO, 0-07 0-03 0-03 0-02 0-01 0-01 
Fe,0;* 0-11 0-15 0-07 0-23 0-08 0-07 
MgO 0-46 1-00 0-02 0-18 0-03 0-03 
MnO 0-01 0-01 tr. tr. 0-00 0-01 
CaO 15-76 14-31 11-66 11-13 8-29 4-81 
Na,O 2-44 3-82 6-40 6:86 8-55 10-50 
K,O 2-21 1-01 1-16 0-87 1-08 1-16 
H,O+ 1-12 0-93 0-22 0-07 0-13 0-44 
H,O— 0-03 0-50 0-04 0-10 0-00 0-06 
CO, 2-86 2-66 2:28 2:14 1-69 1-11 
cl 0-05 0-56 1-66 1-85 2-19 2-96 
SO; 0:94 1-42 0-72 0-80 0-39 0-03 
F 0-01 0-04 0-02 0-11 0-00 0-00 
O=CI,F| 002 0-14 0-38 0-46 0-49 0-67 
Sum 100-15 | 99-76 100-02 | 99-79 99-53 100-03 
Si 6,963 | 7,243 7,732 | 7,803 8,046 8,334 
Al 5,036 | 4,757 4,268 | 4,197 3,954 3,666 
Ti 8 4 4 2 1 1 
Fe 14 18 8 26 9 8 
Mg 105 231 5 41 7 7 
Mn I 1 _ ~— = 1 
Ca 2,570 | 2,362 1,862 1,786 1,309 744 
Na 717 1,137 1,854 | 1,995 2,435 2,934 
K 429 198 221 167 203 214 
H 1,132 950 219 70 127 422 
Cc 592 558 464 438 339 218 
a 13 146 418 471 544 721 
S 107 163 81 90 43 3 
F 5 19 9 52 nie — 
CA 3,844 | 3,951 3,954 | 4,017 3,964 3,909 
AN 717 886 972 1,051 926 942 
% Me 70-1 66:2 47-5 46-2 33-5 19-4 
G 2-703 | 2-705 2-686 | 2-689 2-660 2-619 
No 1-587 1-581 1-569 1-568 1-560 1-549 
Ne 1-555 1-557 1-551 1-550 1-547 1-541 
dn 0-032 | 0024 0-018 | 0-018 0-013 0-008 
Nim 1-571 1-569 1560 | 1-559 1-554 1-545 


























® Total Fe as Fe,QO3. 
XXX. (Field No. M 730), Grenville, Quebec; yellow, large single crystal (quite fresh; < 1 per 
cent feldspar, no other impurities except minute inclusions). 

XXXI. (Field No. Q 85), Lot 26, Range IV, Huddersfield Twp., Quebec; dead white bladed 
aggregate (a few grains show fibrous alteration; 1 per cent feldspar present). 

XXXII. (Field No. Q 19p-S 13a), Lot 22, Range V, Huddersfield Twp., Quebec; white granular 
a (quite fresh; < 1 per cent microcline). 

XXXIII. (Field No. Q 87a), Lots 16/17, Range V, Huddersfield Twp., Quebec; yellow-brown 
granular aggregate (quite fresh; no impurities seen). 

XXXIV. (Field No. ON 6a), Lot 13, Con. XVI, Monmouth Twp. , Ontario, on Highway No. 121; 
yellow-white granular aggregate (quite fresh; no impurities seen). 

XXXV. (Field No. ON 8), Highway No. 500, 2-4 miles E. of Gooderham, Glamorgan Twp., 
Ontario; blue-grey granular and pegmatitic (very slight fibrous alteration and staining; 
no impurities). 

Analyst: C. O. Ingamells, Rock Analysis Laboratory, University of Minnesota. 
(The first five specimens are from pegmatitic skarns and are associated with calcite, pyroxene, 
amphibole, sphene and radioactive minerals. The sixth is from a syenitic pegmatite containing scapo- 
lite, feldspars, biotite and altered nepheline.) 
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feldspars, calcite, and other minerals, was separated using tetrabromoethane and 
Clerici solution. Careful adjustment of the density of the liquids permitted 
separation of all the minerals from scapolite except calcite, with the exception of 
one or two samples where plagioclase could not be removed (these were dis- 
carded). Calcite was leached in dilute formic acid. The purity was checked con- 
tinually with binocular and petrographic microscope, and the final concentrates 
were examined by counting impure grains in an aliquot mounted in immersion 
oil: comments on these concentrates are given in Table 7. 

Refractive indices were determined on grains, using normal immersion 
methods with sodium light: temperature corrections were applied to the cali- 
brated oils and the index of individual oils was occasionally checked on an Abbé 
refractometer. The indices are believed to be correct to +0-001. Density was 
determined on the Berman balance by J. N. Weber, using fragments weighing 
20-30 mg: the results quoted are the averages of determinations on numerous 
grains and will be discussed later. 


Calculation procedure 


The work of Borgstrom showed that scapolite forms solid solutions whose 
principal components are chloride—marialite (MaCl), which can be written 
(Ab),NaCl, and carbonate—meionite (MeCO,), or (An),CaCO,. These formulae 
have no structural significance, but the concept of * plagioclase plus salt’ expresses 
concisely the composition. It is clear that Cl-rich varieties are sodic and CO,-SO,- 
rich ones are calcic (see Fig. 1), but in the absence of synthesis data it is not 
known whether this expresses stability conditions or merely reflects elemental 
abundances in the different environments of formation. It should be noted that 
only one point in Fig. 1 deviates noticeably from the straight-line relation: this 
aberrant analysis (No. XVII) shows unusually high fluorine, and owing to the 
low atomic weight a slight analytical error could affect the atomic proportions 
considerably. 

Brauns, Sundius, Barth, and others recognized that K,O, SO, H,O, and F 
may occur in scapolite: the first presumably replaces Na,O, and F may replace 
Cl. The significance of the other anions has depended in the past on the assump- 
tions and views of different authors when recalculating their analyses. Thus, the 
following salt-components have all been used: 


NaCl CaCO, 


NaF CaCl, 
NaHSO, CaSO, 
Na,SO, CaO 
NaHCO, Ca(OH), 
Na,CO, 

NaOH 


The metal anion ratio in these salts varies from 2 : 1 to 1 : 2, and after combining 
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them with plagioclase components the ratio CA/AN would vary from 5:1 to 
4:2. If water is accepted as a true component then 2: | salts such as Na,CO, 
need only be considered where Na is in excess (this is later shown to be unusual). 
In their place are compounds such as NaHCO, and, in a similar way CaO would 
be discarded in favour of Ca(OH),.. The ratio CA/AN would then be 4: 1 for 
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Fic. 1. Relationship between percentage Me and percentage (C+S)/AN 
for thirty-five scapolites. Author’s Samples, + ; other analyses, « . 


most possibilities and 4 : 2 for the compounds CaCl, and Ca(OH),. The simplest 
general formula would then be 


W,(Als_¢, Sip_¢)O24-Ri_2, 


where W includes the cations Ca, Na, K, and possibly other metals, and R 
includes CO,, HCO,, Cl, F, SO,, HSO,, and OH. In addition, the possibility 
should be borne in mind that OH may substitute for O in the silicate network. 
It is not possible yet to write a structural formula for scapolite. The formula 
suggested, however, does not disagree with the preliminary studies of structure 
referred to previously, and will be used as the basis for further discussion. 
Where cell size and density are accurately known it is possible to calculate 
directly the formula of an analysed mineral (see Hey, 1954; Nicholls & Zuss- 
man, 1955), but such data was available for only a few analyses in the literature. 
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It was therefore decided to test the above formula against all the available 
satisfactory and dubious analyses. Unfortunately, there is no standard pro. 
cedure for a complex mineral family, so an arbitrary sequence of operations was 
devised, making as few assumptions as possible. 


The calculation procedure was as follows: 


(i) Each analysis component except oxygen was converted to ion proportions, 
i.e. g-atoms x 104. 

(ii) The sum of Al and Si was divided into 12,000 and the resulting multiplica- 
tion factor applied to all the figures from (i). 

(iii) Na and K were added to give Na*: Ca, Mg, Fe, Mn, and Ti were added to 
give Ca*: the evidence of the writer’s samples suggests that small amounts 
of Mg, Mn, and Fe are normal constituents of ‘clean’ scapolite concen- 
trates, and in many cases Mg and Fe are too large to be attributed entirely 
to inclusions: stain and very small inclusions might account for some of 
the Fe, Mn, and Ti and these should not be included in the calculations: 

however, they cannot be assessed and since the amounts involved are in 

) any case small, they were always added to Ca for consistency. 

(iv) The sum of Na* and Ca* constitutes W in the above formula and: is 
shown in the tables as CA. 

(v) The sum of C, S, Cl, and F is shown as AN: for a simple mixture of MaCl 
and MeCO,, CA would be 4,000 and AN 1,000: H was not included in 
AN, owing to uncertainty in its allocation. 

(vi) The proportions of different end-members (e.g. MeSO,) were next cal- 
culated: to do this, first Na* and Ca* were each divided by 4 to obtain 
their anion-equivalents, then the different anions were allocated (with H) 
in the following sequence. 

(vii) Cl was first allocated to Na* and C to Ca*: if either anion was in excess the 
remainder was then allocated to the other cation: next F was allocated to 
Na* and S to Ca* and any excess again given to the other cation: where S 
or C were allocated to Na*, an equal amount of H was added, to form 
HSO, or HCO,: conversely where F or Cl were to be given to Ca*, double 
quantities were allowed, to form F, or Cl,. 

(viii) Any remaining metal was allocated H for OH, in the case of Na*, or H, 

for (OH), with Ca*. 
(ix) Residual H was discarded. 

(x) The allocated anion equivalents were added and converted to per cent 
to obtain the proportions of different end-members: meionite components 
were added and are shown as per cent Me in the tables: it was considered 
unnecessary to convert these atomic per cent figures to wt. per cent, in 
view of the MW variations with K-Na and Mg-Ca substitutions. 

(xi) After most of the calculations had been made it was realized that although 
Si+Al had been made equal to 12,000 the individual Si and Al figures 
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might not agree with the amounts required by Na* and Ca*: these amounts 


are 


9Na* 6Ca* 3Na* 6Ca* 
UE, call ae 
Si? = a +5 and Al* = ~— + 4 





Accordingly, Si* and Al* were computed, then were subtracted from Si and Al 
respectively, to give the residue or deficiency of each. 

To illustrate the procedure one analysis is worked out completely in the 
following example: 


M 730 Anion-equivalents 
Si 6963) 11.999 Na* 1146/4 = 287 
Al 5036/ ” Ca* 2698/4 = 675 
Ti 8 
Fe 14 Allocate 592C to Ca*, 13Cl and 5F to Na*. Then allocate 83S to Ca*, 
Mg 105) 2,698 Ca* making a total of 675, and the remaining 24S to Na*, along with 
Mn I 24H to make HSQ,,. A further 245H go to Na* for OH 
Ca 2570. 
Na 717) ‘ ‘ 
K 429 | 1,146 Na That is 
4132 
: ” 287 = 13 Cl+-5 F+24 HSO,+245 OH 
cl 13 717 AN 675 = 592 CO,+83 SO, 
The residual H is 1132— 269 = 863 

S 107 

Si-Al balance Summary 


1146 Na* combine with 2579Si and 860Al MeCO, 592 61:5% Total Me = 701% 
2698 Ca* combine with 4047Si and 4047Al MeSO, 83 86 Residual H = 863 


es eee MaCl 13. 1-4 Residual Si = 337 
Si* = 6626 Al* = 4907 MaF 5 05 Residual Al = 129 
Si-Si* = 337 MaHSO, 24 25  Ca*+Na* = CA = 3844 
Al-Al* = 129 MaOH 245._—25-5 AN = 717 
962 100-0 


Discussion 
The results of the calculations described in the preceding section are given 


in the former tables and, in more detail, in Table 8. For the thirty-five satisfac- 
tory analyses the summarized results are as follows: 


Range Average 
CA 4,326 to 3,754 4,005 
AN 1,143 to 587 885 
H for AN 1,014 to 6 253 
Resid. H +2,774 to —198 +426 
Resid. Si + 722 to —488 +126 
Resid. Al + 163 to —623 —141 


The statement above and Table 8 should be self-explanatory, but it should 
perhaps be pointed out that ‘H for AN’ refers to the H allocated to form radicles 
such as OH, HCO,, &c., whereas the ‘resid. H’ constitutes the remainder. In a 
few cases there was an excess of AN over the anion-equivalent of CA, and these 
residual anions are included in Table 8. The last three columns of Table 8 will 
be referred to later. 
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It was considered unnecessary to carry out the full calculations on all the 


forty-six dubious analyses, but the following summary can be made: 


Range Average 
CA 4,847 to 3,210 4,047 
AN 1,125to 261 


On examining all the data it appears at first sight that CA (= 1,000 x W), with 
an average value close to 4,000 agrees well with the general formula proposed 
earlier. The position is not so simple, however, because the calculations are 
based on the sum Si+Al = 12,000, whereas in point of fact it is the sum of 
Si*-+Al* which should equal 12,000. The situation is complicated by the possi- 
bilities of (a) analytical error, (b) replacement of Si by Al (or vice versa) beyond 
the stoichiometric requirements, and (c) impurities. The analytical errors might 
be complementary, so that the sum of SiO, and Al,O, would be correct although 
the individual determinations are erroneous. With regard to excessive replace- 
ment of Si by Al it should be noted that this is known in feldspars and feld- 
spathoids: the charges can be balanced by substitution of OH for O or in some 
other manner. The principal impurities which might be relevant here are quartz 
and feldspar: both may be troublesome to separate from scapolite, but can be 
disregarded in analyses XXX-XXXV and perhaps in some of the other analyses. 

It may be noticed that Si is usually present in excess, Al is deficient, and the 
average values of Si-Si* and Al-Al* nearly cancel out. Analytical error would 
be more likely to give deficient Si and excess Al, so this factor may in general be 
disregarded: it may of course be relevant to individual analyses. Since Al is 
usually deficient it does not seem likely that contamination by feldspar is usually 
involved, although it is probably present where Si and Al are both in excess. 
Moreover, quartz contamination will account for excess Si, but not for a de- 
ficiency in Al with respect to CA. In general, therefore, contamination does not 
seem to account for the situation (feldspathoids can here be disregarded). 

The dilemma cannot be fully resolved with the empirical calculation method 
used here. However, the most likely hypothesis is that the cation sum (W) does 
not usually exceed 4, and that Al does not substitute for enough Si to satisfy the 
stoichiometric requirements, although Si+ Al is close to 12. In other words, the 
ideal formula would be expected to be 


(Na,Ca,). Alo.25241-5ySig-25241-s¥10, OH)a4. Ri_2, where x+y = 4, 


but usually 
Si>2-25x+-1-S5y and Al<0-75x+-1-Sy 


The figures above show that about 130 Si in 12,000 (Si+ Al) are in excess, that is 
about | per cent, with a similar deficiency of Al. It is not clear how the excess 
positive charge is balanced, but this may involve the salt radicles. It should 
be noted that any substitution of O by OH will increase the excess of posi- 
tive valencies. It may also be noted that White (1959) also found excess Si in a 
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scapolite (No. XXIII, Milendella) when calculating the formula on the basis 
of the unit-cell size and density. 

Un the basis of the above considerations it is preferable to indicate the Si+ A] 
surr in the general formula by the usual symbol Z. 

‘Lhe oxygen content of the general formula cannot be discussed further, since 
oxygen is never determined in mineral analyses. All that is found is the amount 
of oxygen combined with different constituents after the analysis has been 
carried out in air. It must therefore be assumed that O = 24, and the substitution 
by OH does not appear very likely. 

The remaining part to be discussed is the radicle R. It was sen above that the 
average value of C+S-+CI+F is 855, which is less than the figure of 1,000 
required by the CA value of 4,000. In almost every case combined water is 
present in sufficient amount to convert SO, and CO, to HSO, and HCO, when 
combined with Na*, and also to allow the presence of OH or (OH), as a radicle. 
In fact excess H is present beyond these requirements in many cases. In only a 
few cases, by contrast, is there sufficient excess H to convert MeCO, and MeSO, 
to Me(HCO;), Me(HCOs;)., Me(HSO,), or Me(HSO,)., and this possibility 
may therefore be discarded. 

On crystal chemical grounds it is most likely that the ratio CA/AN should 
remain constant at 4: 1, as in the principal components MaCl and MeCO,, rather 
than fluctuate between 5:1 (for MaSO,, &c.) and 4: 2 (for Me(HCO,),, &c.). 
Such fluctuation would demand that there be five cation sites and two anion 
sites, one of each remaining vacant in the most important components MaCl and 
MeCO,. Vacant sites are, of course, necessary to explain the crystal chemistry of 
many minerals (e.g. micas and amphiboles) but they do not appear necessary 
here. A clear answer to this problem cannot be given until the structure has 
been completely worked out. If, however, the ratio CA/AN is actually 4 : 1, then 
in compounds such as Me(OH),, MeCl,, and MeF,, it is best to consider the 
radicles to be (O,H,), (Cl,), and (F,) respectively. This may seem artificial but it 
can be rationalized on the grounds that if the structure has large enough sites to 
accommodate anions such as HSQ,, then there should be room enough for 
(O,H,), &c. In some of the marialite species, however, where the anion is Cl, &c., 
it must be presumed that the packing is not so close. 

On these grounds it is preferable to write R, in the general formula, rather 
than R,_,. It is also clear that the significance of H in the anion sum R will be 
variable. Where H has been assigned to form HSO, or HCO, it should be dis- 
regarded in the anion sum R; where, however, it has been assigned as OH it 
should be included in R in units of H for OH or H, for O,H,. Similarly, chlorine 
and fluorine should be added in units of Cl, and F, when assigned to meionite. 
On this basis it is clear that R (or AN) will always equal one-quarter of W (or 
CA). In 2 of the 35 satisfactory analyses a deficiency of anions and H led to 
computation of small amounts of MeO, but this may be attributed to a slight 
analytical error and disregarded. 
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The significance of the excess H is unknown. In part it may represent altera- 
tion products, fluid inclusions, and analysis errors. Part may be bound as OH in 
some unknown manner or as H,O. Once again a knowledge of the true oxygen 
content might help resolve this question. It seems clear that scapolite does not 
carry loosely-bound H,O in the same manner as the zeolites, but Gossner & 
Briickl (1928) examined the loss in H,O and CO, by heating at various tempera- 
tures between 500° and 1,200° C. In the two samples studied, about half of the 
total bound water could be driven off at 500°, but no more was obtained on 
heating to 1,200°. The total bound water was determined by fusion with carbonate. 

It is necessary to comment now on the analyses which were listed as dubious 
in Tables 3 and 4, on thegrounds of poor agreement with the proposed formula. 
Most of the analyses in these tables were rejected on the basis of poor summa- 
tion and may be disregarded: one or two were obviously incomplete or of other 
doubtful characteristics (e.g. Nos. 4, 26, 28). A number, however, were re- 
corded as having high or low cations or anions, and this procedure needs justi- 
fication to avoid prejudging the issue. Analyses were rejected on these grounds 
where the calculations described in the last section gave a significant excess of 
cations or anions over the requirements of the proposed formula. 

An excess of cations (Nos. 9, 10, 19, 34, 35) would suggest the presence of 
MeO or MaO, which, in the light of most recent analyses, seem unlikely to be 
important constituents ; in other words it was suspected that the anion determina- 
tions were low. The alternative would be the presence of components such as 
Na,SO,, Ca,CO,, &c., which even then would have left unallocated Na or Ca 
in some cases. 

An excess of anions, on the other hand, can only be interpreted as units such 
as (CO3)., (SO,),, &c., which seem unlikely on the crystal chemical grounds dis- 
cussed above, or as analytical errors; this arose, however, in only three cases 
(Nos. 1, 2, 43). 

The only dubious analyses requiring further consideration are Nos. 8, 10, 23, 
41, and 42, These have been fully recalculated and the data are presented in 
Table 9. Nos. 8, 10, and 23 are deficient in anions, probably H in particular. 
No. 41 has a considerable excess of H, whereas No. 42 has an excess of H, C, 
and S. In addition, the summation is high for Nos. 8 and 23 and low for No. 41. 
The discrepancies are, however, not extreme, and the analyses can be accepted 
with caution. 

To conclude this section it may be summarized that the general formula of 
scapolite may be written: 


W.2120%-R, 


where W is mainly Ca, Na, and K, but may include a little Mg, Fe, Mn, and 

perhaps Ti; Z is Si and Al, often with excess Si and deficient Al, but sometimes 

the reverse; R is (a) CO,, SO,, O,H,, Cl, or F,, for meionite, (b) Cl, F, HCOs, 

HSO, or OH for marialite. W may fluctuate a little above and below 4, R varying 
6233.2 § 
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proportionately. Anexcess of H over the anion requirements is invariably present : 
some of this may occur as OH replacing O, but this substitution gives problems 
of valency satisfaction. As remarked on an earlier page, it is unlikely that the 
pure Na-members can exist in nature and 80 per cent Ma appears to be the 
maximum attained. Different varieties can be named as suggested by Winchell 
and others: 

Marialite Mey—Meoy Mizzonite Mes—Mego 

Dipyre Mea—-Me so Meionite Mego—Mejo9 
Although atomic percentages are used throughout this paper, it may be useful to 


list the molecular weights of the principal end-members. These, of course, have 
to be modified for any substitution of K for Na, &c.: 


MW MW 


MeCO, 935 MaCl 845 
MeSO, 971 | MaHCO, 871 
Me(OH), 909 MaHSO, 907 


MeCl, 946 MaOH 827 

MeF, 913 MaF 829 

MeO 819 MaO 826 
MORPHOTROPISM 


Optical parameters 


The results of previous workers who have examined the relations between 
refractive indices and chemical composition have already been discussed. The 
principal contributors were Lacroix, Sundius, and Barth; the most widely used 
determinative charts are probably those of Winchell (1951) and Tréger (1952). 
The latter gives no details of how his diagram was constructed, and Winchell’s 
differs from that in his 1924 paper. The main conclusions of previous studies 
are, however, as follows: 


(i) the relation between n,, and per cent Me is nearly linear, n,, increasing 
with Me contents; plots of n, and n, show more scatter; 

(ii) the relation between dn and per cent Me is also linear for ‘normal’ 
scapolites, i.e. MeCO,—MaCl solid solutions ; 

(iii) ‘abnormal’ scapolites are rich in S, H, or K, or contain C in excess of the 
requirements for Me; S and H have little effect on either n,, or dn, K is 
said to lower both parameters, whereas excess C does not affect n,, but 
raises dn; Sundius proposed two dn curves, one for normal scapolite and 
one for carbonate-scapolite; 

(iv) pure marialite would be optically positive according to Winchell. 

Fig. 2 shows plots of n,, and dn against per cent Me for the twenty-five satis- 


factory analyses accompanied by refractive indices, plus three of the dubious 
analyses which were reconsidered in the last section (Nos. 23, 41, 42). Also 
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included are Sundius’s curves for normal optics and Winchell’s curves from 
the 1924 paper. The latter now appear to be unrealistic and can be discarded. 
With regard to n,, it is seen that the relation is roughly linear. In particular the 
six new analyses show excellent linearity and lie very close to Sundius’s line; 
these samples were all analysed by the same person and the indices all deter- 
mined by the writer. It is probable that the other analyses are reliable, but there 
is no way to test the accuracy of most of the other index measurements. Six 





030} * . : 
020+ ” . ‘ 
-O010- > = 
-000 3 7 





1-59 


1-58 


1:57 


1:56 


1-55 


1-44 














1020-30 40-50-60. 70~-~80~-90 
Ca* 
Ca* + Na* 


Percentage Me = 


Fic. 2. Variation of n,, and dn with per cent Me for twenty-eight scapolites. 
Author’s samples, + ; other data, «. 


points give cause for concern and are numbered on the diagram; they will be 
discussed individually. 

No. 41 was taken from Borgstrom (1915), who gave the values nm, = 1-5502, 
n, = 1°5424, dn = 0-0178, which clearly show an error. It was assumed that the 
indices were correct (n,, = 1-546), but that dn should read 0-0078 ; it seems more 
likely, however, that n, was wrong and should have been 1-5602, which would 
give n,, = 1-551 (the value dn = 0-0178 agrees with other dn values). No. XII 
has a very high figure for n,,,: this analysis was also taken from Borgstrom, but 
no obvious error could be seen and dn is satisfactory. No. XI has low n,, but 
normal dn: the analysis reports no Cl, and K,O in excess of Na,O. No. XVII 
has low n,, and low dn: this analysis showed unusually high F. No. XIX has 
high n,, and high dn: it shows no excess C and has no unusual features. No. XVIII 
had high n,, and rather low dn: it is richer in S than any other satisfactory 
analysis. As mentioned previously, Dr. O. von Knorring kindly supplied a 
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sample of this specimen and the writer redetermined the indices and found them 
to agree quite well with the published values. 

The six samples under discussion will be excluded from further discussion at 
this stage: No. 41 has a clear error, Nos. XI, XVII, and XVIII have unusual 
features of composition, and Nos. XII and XIX are suspected of erroneous 
determinations or typography. The remaining twenty-two points are satisfactory 
for constructing a determinative chart. The straight line shown in Fig. 3 has 





1:59 


Nm 


1:58 gt 


1-57 











1:56 








154 



































1:53 





Bw BB 2 @ BS @ 2 BS WD we 
Percentage Me 


<Marialite><  Dipyre >< Mizzonite -><Meionite > 


Fic. 3. Proposed determinative chart showing 7,, versus per cent Me. 


been constructed by a linear regression method treating per cent Me as the 
independent variable, and has the equation 


N» = 1-5346+-0-000507 per cent Me 


Pure marialite and meionite would have mean indices 1-5346 and 1-5853 respec- 
tively. The standard deviation, expressed in per cent Me corresponding to a 
single measurement of 7,,, is 3-3. For 95 per cent probability, the uncertainty of 
estimate of per cent Me from n,, would be twice the standard deviation or +6°5 
per cent. 

Fig. 3 may be used as a determinative chart, but in view of three of the ex- 
cluded samples it may not give reliable results for samples unusually rich in S, 
F, or K. The range of index for different varieties is as follows: 

Nm 
marialite Mey —Megy 1-535-1-545 
dipyre Meao-Me so 1-545—1-560 
mizzonite Meéso-Mego 1-560—1-575 
meionite Mego—Meyoo 1-575-1-585 


Turning now to dn, it is clear from Fig. 2 that the relation with per cent Me 
is more variable. Specimen No. 41 should again be ignored since an error was 
present, and samples XII and XIX will be ignored also from uncertainty, 
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although errors in determining 1, and n, (e.g. temperature or wavelength cor- 
rections) may not influence dn. It is not, however, necessary to reject analyses 
XI, XVII, and XVIII, whose n,, values were discarded because of abnormality 
coupled with unusual composition, since the dn figures are within the range of 
other values. 

The twenty-five values retained show considerable variation and lack of linear 
correlation. On examining the amounts of different end-members) Tables 8, 9) it 
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Fic. 4. Variation of dn with three combinations of scapolite components. 
Author’s samples, + ; other data, «. 


is clear that high dn values do not always accompany excess C (i.e. presence of 
MaHCoO,). However, it appears that high dn is shown by analyses where there 
are Ma components additional to MaCl, and low dn is found when there are Me 
components as well as MeCO,. This suggests that a more linear plot would be 
given if the composition axis were changed to per cent MeCO,/(MeCO,-+ MaCl). 
This has been tried in Fig. 4, which shows plots of dn against the following three 
composition parameters: 


Fig. 4a per cent MeCO,/(MeCO,+-MaCl) 
Fig. 46 per cent total Me/ (total Me+ MaCl) 
Fig. 4c per cent total Me/ (total Me-+total Ma) (as in Fig. 2) 


Ignoring analyses 42 and XVIII, it is seen that Fig. 4b gives the closest approxi- 
mation to a straight line; in other words Ma components additional to MaC! 
interfere with a straight-line relation. This was perhaps implicit in Sundius’s 
concept of the ‘carbonate series’, but it is clear that components such as MaOH 
and MaHSO, are quantitatively more important than MaHCO,,. It therefore 
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appears that ‘abnormal carbonate optics’ is an over-simplification of the 
relations and should be abandoned. 

If the apparent linear relation in Fig. 4b were certain, then a determinative 
chart could be made which would give valuable supplementary information to 
the bulk Me percentage given by the ,, chart: in particular the dn value would 
indicate the percentage of Ma components additional to MaCl. Such a chart, 
however, has not been constructed because (a) the correlation is not good 
enough, and (b) there are two aberrant points (Nos. 42 and XVIII). No. 42 shows 
no unusual features in composition, but was considered dubious because of the 
low cation total. It could perhaps be ignored, but No. XVIII cannot. The latter 
is very rich in S, but that does not provide grounds for deleting it from a graph 
such as Fig. 4b. 

As additional good quality data accumulate it may be possible to establish 
a more definite relation between dn and composition. However, it must also be 
borne in mind that dn is a very sensitive indicator of morphotropic behaviour, 
and has been found to indicate second-order effects (e.g. thermal history) in 
several mineral groups: there is no evidence yet whether or not this might also 
be the case with scapolite. 

To examine more specifically the effect of anions on optics, two additional 
graphs were constructed, relating n,, and dn (a) to the ratio (C+-S)/C+S+Cl+ F) 
in a binary diagram, and (5) to a ternary plot of C, S, and (CI+-F). In the first 
case, as expected, there was a general increase of n,, and dn with increased 
values of the ratio, but the scatter was considerable. In the second case there 
were insufficient points close to the S-apex to reveal any clear relationships. 

For the sake of completeness the dubious analyses accompanied by optical 
parameters were plotted over Fig. 2; they showed the same patterns but with 
greater scatter, as expected. 


Density 


Fig. 5 shows a plot of G against per cent Me for the twenty-four satisfactory 
analyses accompanied by density values. There is a clear tendency for G to in- 
crease with per cent Me, but the scatter is very great. It is pointless to draw a 
line through the points and it is clear that G is at present useless as a determina- 
tive parameter for scapolite. 

Since many mineral series show a simple linear variation of G with com- 
position, the present data are remarkable, and almost certainly testify to the 
difficulty of accurate measurement of density. Where single grains are used, the 
presence of cavities or inclusions introduces error; with powders the difficulty 
of removing all air is considerable. Measurements on the writer’s samples are 
averages of at least sixteen replicate determinations (including several duplicate 
measurements on the same grain) on the Berman balance, using numerous 
hand-picked grains with toluene as the immersion medium. Weighing errors are 
considerable on 30-mg. grains, and affect G considerably. As an example, 
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consider the following case where duplicate weighings on the same grain were 
made: 


(a) Wt. in air = 30-20 mg; wt. in toluene = 20-40 mg G = 2-669 
(b) Wt. in air = 30-15 mg; wt. in toluene = 20-45 mg G = 2-692 


In the writer’s experience it is impossible to weigh more closely on the torsion 
balance. 
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Fic. 5. Variation of density with per cent Me for twenty-four scapolites. 
Author’s samples, +; other data, «. 


The most data was obtained on No. XXXIV, with fourteen determinations 


using one balance and twelve using another (newly purchased). The range of 
values obtained was as follows: 


Gmax = 2°692  Gmin=2615 Gay = 2-660 


Presumably the grains were not homogeneous scapolite, although they appeared 
quite satisfactory, for the variation is more than can be attributed to weighing 
errors. In any case, the third decimal in G is clearly valueless, and the second 
would also be in a single determination. The quality of figures in the literature is 
unknown, but the spread of points on Fig. 5 is disturbing. 
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Cell size and X-ray spacings 

X-ray diffractometer and single-crystal studies of specimens XIV, XVIII, 
XXIII, and XXIX-XXXvV by B. J. Burley, E. B. Freeman, and the writer have 
indicated that the cell size and related d-spacings vary with chemical composi- 
tion in a systematic manner. The work is not yet completed and will be pub- 
lished separately. 
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